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A B S T R A C T   

In this work, the effects of simvastatin (SIM), (2-hydroxypropyl)-β-cyclodextrin (HPβCD) and their complex (SIM: 
HPβCD) on the structure and properties of lipid membranes were investigated for the first time by Langmuir 
technique combined with PM-IRRAS spectroscopy. An improved understanding of the differences of the in-
teractions between free SIM, and SIM in the form of an inclusion complex with HPβCD with the lipid membrane 
will improve the development of preparation methods for in vivo applications. Monolayers of 1,2-dimyristoyl-sn- 
glycero-3-phosphocholine (DMPC), cholesterol (Chol) and their mixture DMPC:Chol (7:3) served as simple 
models of one leaflet of the cell membrane. The penetration of well-organized lipid layers by simvastatin lead to 
their fluidization but the extent of this unwanted effect was smaller when the drug was delivered in the form of 
the SIM:HPβCD complex. Surface pressure vs. time dependencies showed that the drug encapsulated with 
cyclodextrin dissociated from the complex upon contact with the lipid layer and the weak interactions between 
the exterior polar part of the HPβCD and the polar headgroups of the lipid layer facilitated smooth incorporation 
of the released lipophilic drug into the membrane. At a longer time-scale, the HPβCD ligand released from the 
complex removed some cholesterol, but not DMPC, from the lipid layer, hence, similarly to the enzyme inhibiting 
action of statins – it lead to the decrease of the amount of cholesterol in the membrane. Delivery of simvastatin in 
the form of an inclusion complex with HPβCD is proposed as an approach improving its bioavailability in the 
cholesterol-lowering therapies.   

1. Introduction 

Simvastatin, a highly lipophilic drug derived synthetically from a 
fermentation product of Aspergillus terreus belongs to the statins - class of 
medications, which are used to decrease the risk of cardiovascular dis-
ease and high lipid levels by inhibiting the endogenous production of 
cholesterol in the liver [1–3]. Recent clinical evidence suggests that 
statins have additional pharmacological properties such as antioxidant 
and anti-inflammatory activities, as well as endothelial protection. Of 
particular interest is the anabolic effect of simvastatin on bone and its 
role in antitumor therapies [4–7]. 

Simvastatin is administered as its inactive lactone derivative 
(Fig. S1), which is metabolically activated to its β-hydroxyacid form by a 
combination of spontaneous chemical conversion and enzyme-mediated 
hydrolysis by nonspecific carboxyesterases in the intestinal wall, liver, 

and plasma. Once hydrolyzed, simvastatin competes with 3-hydroxy-3- 
methyl-glutaryl-coenzyme A (HMG-CoA) for the active site occupied by 
HMG-CoA reductase, a hepatic microsomal enzyme that catalyzes the 
conversion of HMG-CoA to mevalonate, an early rate-limiting step in 
cholesterol biosynthesis [8,9]. 

An investigation of the interactions between statins and a model 
biological membrane permits the differentiation between their chemical 
properties and should also clarify their pharmacological differences and 
explain undesirable side effects. The nature of the interactions of a statin 
molecule with the lipid bilayer depends on its hydrophobicity, confor-
mation and location within the lipid membrane as well as steric 
compatibility [10]. Molecular interactions between simvastatin and 
model biological membranes have been described in a few papers 
[10–23]. According to Sarr et al. [11] simvastatin has the strongest as-
sociation with phospholipid membranes of all statin molecules due to its 
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greater hydrophobicity, depending on enthalpic factors related to 
hydrogen bonding and van der Waals interactions [11]. It has been 
proposed that simvastatin can efficiently cross the cellular membrane 
without a transporter, simply by passive diffusion. Bhandary et al. [12] 
reported that simvastatin has a significant fluidizing effect on the lipid 
bilayers of liposomes. Simvastatin distorts the lipid matrix and alters the 
phase behavior of liposomes differently depending on the electrostatic 
charge on their head groups [13]. The results of infrared and NMR 
spectroscopy studies of micelles [15,16] have suggested that simvastatin 
occupies a position between the hydrocarbon chains. It was found that 
the deeper penetration of statins into a membrane is correlated with a 
higher risk of dangerous side effects, such as rhabdomyolysis [16]. The 
mechanism of action of simvastatin depends mainly on the type of lipids 
that compose the cell membrane because simvastatin has various effects 
on different tissues’ cell membranes. Recent studies regarding the or-
ganization and dynamics of membrane in the presence of simvastatin 
have shown that it induces changes in the membrane order in a 
depth-dependent and phase-specific manner [21]. Simvastatin associ-
ates with membranes and interferes with the ability of 
cholesterol-dependent cytolysins to bind to membrane cholesterol, 
which may explain the pleiotropic effects of statins [22]. 

Statins are generally administered to patients orally, but because of 
extensive first-pass metabolism, the bioavailability of oral simvastatin is 
still less than 5% [24,25]. Several strategies have been developed to 
modify the release rate of either the prodrug or the active moiety to 
increase the oral bioavailability [26–28]. The literature on the subject 
also describes several attempts to develop parenteral systems to more 
efficiently deliver simvastatin (i.e. buccal patches, implants, inhaled 
form, transdermal niosomal gels, mucoadhesive microspheres and mi-
crocapsules or cyclodextrins) [25,29–34]. 

The cyclodextrins (CDs) are macrocyclic oligosaccharides that 
contain 6 (α-CD), 7 (β-CD) or 8 (γ-CD) α-D-glucose units. CDs, with their 
hydrophilic exterior and hydrophobic interior can complex several 
lipophilic drugs, and the gradual release of the drug from the complex 
extends the duration of its action and safety of use [35–37]. Such de-
livery can effectively improve the bioavailability of the highly lipophilic 
simvastatin [29–34]. Moreover, it has been shown that the SIM:HPβCD 
inclusion complex performs better than simvastatin alone for reducing 
total cholesterol and triglyceride levels. A deeper understanding of CD 
interactions with biological membranes is, therefore, crucial in phar-
macology for controlling CD-mediated drug delivery and release. Cy-
clodextrins (CDs) can profoundly modify the structure and function of 
biomembranes [38–43]. Previous studies [44–46] have used CDs to 
remove cholesterol from cellular membranes to investigate the effect of 
cholesterol depletion on cell viability and functionality. 

The available literature data on the efficacy of CD:SIM complexes 
mainly concerns drug dissolution and release studies in vitro, and there is 
no knowledge about the interactions of such complexes with the bio-
membranes. Therefore, a better understanding of the mechanism of 
action of the SIM:HPβCD complex in contact with lipid layers is needed 
and is the main goal of our study. Numerous studies have shown that a 
Langmuir monomolecular film composed of mixed phospholipids and 
sterols can serve as a simplified model of a membrane [47–49]. In this 
study, the saturated lipid, 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
(DMPC) and cholesterol are the constituents of the model membrane 
(DMPC:Chol). (2-Hydroxypropyl)-β-cyclodextrin (HPβCD) (Fig. S1) was 
selected for complexing the drug due to its good water solubility and low 
toxicity. The influence of simvastatin and its complex with cyclodextrin 
on the structure and properties of DMPC, cholesterol (Chol) and the 
model membrane (DMPC:Chol (7:3)) was studied using the Langmuir 
monolayer technique (Fig. S1). The lipid monolayer formed at the air-
–solution interface was exposed to solutions of simvastatin or its com-
plex and the changes in the organization of the lipid layer were 
investigated. PM-IRRAS at the air–water interface was used to determine 
the location of the drug in the lipid layer. An improved understanding of 
the mechanism of interactions of simvastatin complexed with HPβCD 

with the lipid membrane should improve the development of drug 
preparations methods for in vivo use. 

2. Materials and methods 

2.1. Materials 

Simvastatin lactone (SIM), methyl-β-cyclodextrin (MeβCD) and (2- 
hydroxypropyl)-β-cyclodextrin (HPβCD) purchased from Sigma-Aldrich 
and were of high purity ≥98 %. The lipids used in the experiments, 1,2- 
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and cholesterol 
(Chol), were of high purity (≥99 %) and were purchased from Avanti 
Polar Lipids and Sigma-Aldrich, respectively. Stock solutions were pre-
pared by dissolving the lipids in chloroform (Sigma-Aldrich). Phosphate- 
buffered saline (PBS) solution with a pH of 7.4 and a concentration of 
0.01 M was prepared by the dissolving of sodium chloride, potassium 
chloride, disodium phosphate and monosodium phosphate in MilliQ 
water (with a resistivity of 18.2 MΩ cm). 

2.2. Phase solubility diagram 

The solutions of cyclodextrin in PBS buffer (pH = 7.4) were prepared 
in a concentration range of 0–10 mM. An amount of SIM (0.5 mM) that 
exceeded its solubility was added to the cyclodextrin solutions. Then the 
suspensions were shaken at room temperature (21 ± 1 ◦C) until equi-
librium was reached i.e. after 24 h, and the maximum amount of dis-
solved drug was achieved. The samples were withdrawn and filtered 
through a 0.22 μm PVDF membrane filter and appropriately diluted with 
PBS buffer (pH = 7.4). The concentration of simvastatin was determined 
using UV–vis spectroscopy (Agilent Technologies Cary 60) in the 
200− 400 nm spectral range with λmax =238 nm for SIM. 

The phase solubility diagram was obtained by plotting the concen-
tration of simvastatin versus the concentration of cyclodextrin. The 
apparent stability constant (Kc) of the complex was calculated from the 
slope of the phase solubility diagram and the solubility of SIM in PBS 
buffer at pH = 7.4 at 21 ± 1 ◦C (described in Supplementary Materials). 

2.3. Langmuir monolayer study 

Experiments were carried out using a computer controlled KSV Nima 
Langmuir balance (Biolin Scientific, Sweden) equipped with a Langmuir 
trough (total areas 243 cm2 or 587 cm2) and two hydrophilic barriers 
allowing symmetric compression of the liquid surface. A Wilhelmy plate 
(filter paper) was used as a surface pressure sensor. After cleaning the 
trough with methanol and chloroform and rinsing with plenty of water, 
the trough used for monolayer preparation was filled with PBS buffer 
(pH = 7.4) or buffer containing different concentrations of SIM, HPβCD 
or their complex SIM:HPβCD. After spreading the lipids solution on the 
subphase, the solvent was allowed to evaporate for 10 min. The spread 
film was compressed symmetrically from both sides at constant rate of 
10 mm/min (7.5 cm2/min) and the surface pressure (π) – area per 
molecule (A) isotherm was simultaneously recorded. Each experiment 
for a given system was repeated at least three times at a constant tem-
perature (21.0 ± 1 ◦C). 

The methods of determining the compression modulus (C− 1
s ) value 

and thermodynamic functions from the hysteresis experiments are pre-
sented in Supplementary Materials. 

2.4. Polarization modulation infrared reflection absorption spectroscopy 
(PM-IRRAS) 

PM-IRRAS experiments were performed using a KSV PMI 550 setup 
equipped with an FTIR spectrometer with a ZnSe polarization modula-
tion unit (PEM, Hinds Instrument, USA) on one arm of the goniometer 
and the MCT detector on the other arm. The PEM operating at the 
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50 kHz frequency was set to 1500 cm− 1, which provided its maximum 
efficiency in the polar head group region and the retardation was 0.5. 
Each spectrum was collected in the wavenumber range from 700 cm− 1 

to 4000 cm− 1 with a resolution of 8 cm− 1, which yielded the accuracy of 
the band position of ±4 cm− 1. For each measurement, 3000 scans were 
collected and averaged. The IR light reaching the air–water interface at 
an angle of 76◦ was constantly modulated between the p and s polari-
zation. The final spectra reported in this manuscript were background- 
corrected with respect to the measurement for the subphase without 
phospholipid and were also baseline-corrected. 

3. Results and discussion 

3.1. Phase solubility diagram 

Simvastatin is a poorly water-soluble drug (SSIM in water =

3.33 ± 0.07 × 10− 6 M), but its solubility is slightly higher in 0.01 M PBS 
buffer solution (pH = 7.4) (SSIM in PBS pH 7.4 = 5.14 ± 0.14 × 10− 6 M) and 
even higher in acidic solution such as 0.08 M hydrochloric acid 
(pH = 1.1), (SSIM in HCl pH 1.1 = 7.47 ± 0.19 × 10− 6 M). Using the phase 
solubility method [50], the solubilization ability of cyclodextrins can be 
easily evaluated [51]. The solubility values of SIM in PBS buffer at 
pH = 7.4 (physiological pH) with added CDs were determined. The 
solubility diagrams (Fig. S2) show that the solubility of simvastatin 
increased linearly upon increasing the cyclodextrin concentration 
(R > 0.99) up to 10 mM. According to the Higuchi and Connors classi-
fication [50], the phase solubility diagrams for simvastatin with various 
cyclodextrin concentrations were classified as AL type. The diagrams, 
with a linear correlation and a slope less than one, were characteristic of 
1:1 complexation between the host (cyclodextrin) and guest (SIM) 
molecules and suggest that a water soluble SIM:CD complex formed in 
the solution. The experimental results show that in PBS buffer 
(pH = 7.4) MeβCD complex is more soluble than that of HPβCD, 
S = 2.01 ± 0.04 × 10-4 M and 7.62 ± 0.11 × 10-5 M, respectively. 

The stability constant (Kc) of the SIM:cyclodextrin 1:1 complex 
measured in the concentration range 0–10 mM was calculated from the 
linear plot of the phase solubility diagrams using Equation 1. The Kc, 
corresponding slopes and correlation coefficients are collected in 
Table 1. MeβCD shows a higher solubilizing effect and a slightly larger 
stability constant of the complex than HPβCD. However, because the 
safety profile of HPβCD is more promising for parenteral administration 
in humans than MeβCD [51–53], HPβCD was used in subsequent 
experiments. 

3.2. Langmuir monolayer studies of the interactions of simvastatin, 
cyclodextrin and their complex with lipid monolayers formed at the 
air–water interface 

The influence of simvastatin (SIM), HPβCD, and their complex (SIM: 
HPβCD) on the model membranes composed of DMPC, cholesterol or a 
mixed layer of DMPC:Chol (7:3) was studied by the Langmuir method. 
The surface pressure (π)–area per molecule (A) isotherms of DMPC, Chol 
and DMPC:Chol (7:3) monolayers were recorded either on the pure PBS 
buffer (pH = 7.4) subphase or on the subphase containing simvastatin 
(SIM), 2-(hydroxypropyl)-β-cyclodextrin (HPβCD) or their complex 
(SIM:HPβCD) in a concentration range of 10− 7–10-6 M. The parameters 
of the π − A isotherms for DMPC, cholesterol, and DMPC:Chol (7:3) 

monolayers exposed to solutions of SIM, HPβCD and the HPβCD:SIM 
complex (concentration 10-6 M) are collected in Table 2 and discussed in 
detail in Sections 3.2.1 and 3.2.2. 

3.2.1. Simvastatin interactions with DMPC monolayer – Langmuir 
technique investigations 

DMPC is a neutral lipid with an uncharged choline group. The 
monolayer formed on pure PBS buffer was in the liquid-expanded (LE) 
phase, as confirmed by the obtained maxC− 1

S (approx. 80 mN/m) in 
accordance with literature data (Fig. 1, Table 2) [54,55]. 

Addition of 10− 7 – 10-6 M SIM to the PBS buffer subphase lead to a 
shift of the surface pressure – area per molecule (π-A) isotherm for DMPC 
towards larger areas per molecule (Fig. 1 and Table 2). The shift in-
dicates incorporation of the drug into the lipid layer during 
compression. 

At surface pressures over 38 mN/m, the isotherm almost overlapped 
with the one of pure DMPC, which suggests removal of the drug from the 
monolayer. The values of A42 mN/m for pure DMPC (46 Å2) and DMPC in 
the presence of SIM (56 Å2) are not identical, therefore, the removal of 
SIM molecules from the monolayer is probably not complete. Moreover, 
the C− 1

s value decreased upon increasing the SIM concentration indi-
cating the formation of a more liquid monolayer (LE). The increasing 
compressibility of the DMPC monolayer indicates that even small 
amounts of the drug present in the lipid membrane make it much more 
expanded. Similar effects were observed earlier for cerivastatin, whose 
relative lipophilicity is similar to that of simvastatin and upon further 
compression it was also expelled from the phospholipid monolayer [23]. 

To gain more insight into SIM-DMPC interactions, PM-IRRAS ex-
periments at the air–water interface were performed. Significant 
changes due to the presence of SIM in the subphase were observed in the 
spectral region corresponding to the glycerol ester group (Fig. 2). The 
position of the υ(C––O) band is especially sensitive to hydrogen bonding. 
For DMPC monolayers formed on pure buffer subphase the C––O band 
position (1743 cm− 1) corresponds to the dehydrated state, while the 
presence of SIM led to the shift of this band towards lower wave-
numbers, suggesting the formation of hydrogen bonds with the ester 
group (Table S1) [56]. Additionally, for pure DMPC films, the C–O–C 
band located above 1180 cm− 1 points to the planar conformation of the 
C-C(O)-O-C frame, while the shift to lower wavenumbers in the presence 
of SIM suggest a deviation from such conformation. It also proves that 
the drug significantly influences the glycerol ester group of DMPC by 
changing its local environment and inducing its hydration. Simvastatin 
itself has a strong C––O stretching mode, which is expected around 1750 
cm− 1. However, no significant increase in the intensity of this band was 
observed compared to pure DMPC data. It implies that despite SIM 
incorporation into the DMPC monolayer observed in the isotherm data, 
its surface concentration might be insufficient to be observed by 
PM-IRRAS. Interestingly, simvastatin did not lead to any significant 
changes in the positions of the bands corresponding to the phosphate 
group, which shows that the drug doesn’t interact with this part of 
DMPC (see Supplementary Materials). 

The location of the υsCH2 and υasCH2 bands for pure DMPC mono-
layer, which are shifted towards higher wavenumbers, is typical for an 
increased content of gauche conformers of acyl chains (Fig. S3) and is 
consistent with the literature data [23,57]. The presence of simvastatin 
in the subphase induced a small shift towards larger wavenumbers for 
υsCH2 band (Table S1). However, the asymmetric methylene stretching 
mode, which is more sensitive to the presence of gauche conformations, 
remains in the same position typical for liquid state. Additionally, both 
the intensity and the half width of the bands in the presence of the drug 
decreased slightly, which could suggest the opposite effect of simva-
statin - lower mobility and higher ordering of the acyl chains of DMPC 
molecules [47]. Therefore, based on the observed changes in the spectra 
in the CH stretching region it is difficult to draw conclusions on the effect 
of SIM on hydrophobic part of DMPC monolayer. It may be only stated 

Table 1 
Solubility increase (%) of simvastatin, stability constant (Kc), slope and coeffi-
cient (R2) obtained from the simvastatin-cyclodextrin phase solubility diagrams 
in PBS buffer at pH 7.4.  

Cyclodextrin Solubility increase (%) Kc [M− 1] Slope R2 

HPβCD 1382 1403 ± 40 0.0070 0.9995 
MeβCD 3810 3750 ± 50 0.0189 0.9956  
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that the liquid state of the acyl chains is maintained, which is also 
consistent with the compression modulus values described above 
(Fig. 1). 

3.2.2. Interactions of simvastatin complexed with cyclodextrin with lipid 
membranes 

In the previous sections, the interactions between simvastatin in the 
free form and model DMPC membranes were described. The solubility of 
SIM in the aqueous solutions is very low and much larger concentrations 
are required in the therapeutic applications. Therefore, we decided to 
deliver simvastatin in form of a complex with cyclodextrin instead of 
using organic solvents. The hydrophilic cyclodextrin derivative, HPβCD 
was a suitable choice since it did not penetrate the phospholipid layer 
and its presence in the subphase did not affect the surface pressure – area 
per molecule (π-A) isotherms of DMPC or DMPC:Chol (7:3). Some 

residual incorporation could be recognized only at very low surface 
pressures (Fig. 3 and Fig. S4). 

Cyclodextrins were reported to bind membrane lipids, but for the 
hydrophilic HPβCD this effect was observed only at large CD concen-
trations, above 0.5 mM [42]. A decrease in maxC− 1

s was observed only 
for the pure cholesterol monolayer upon increasing concentration of 
HPβCD in the subphase. This was a clear sign of interactions occurring 
between HPβCD and cholesterol at the monolayer – aqueous subphase 
interface (Fig. S5). 

The similarity of the DMPC monolayer isotherms in the presence of 
SIM or its complex SIM:HPβCD also suggested that the CD ligand itself 
has no effect on the DMPC monolayer, and only the drug released from 
the complex is able to penetrate the monolayer. The values of A30 mN/m 

and maxC− 1
s in the presence of SIM and of its complex SIM:HPβCD shown 

in Table 2 confirmed that the drug penetrates the DMPC layer alone, 
after its dissociation from the complex with HPβCD. 

Cholesterol monolayers are well-organized and solid, as evidenced 

Table 2 
The parameters of the π − A isotherms for Langmuir monolayers exposed to solutions of 10− 6 M SIM, HPβCD or the HPβCD:SIM complex.  

Subphase Alif t− off 

[Å2]  
A0 

[Å2]  
A30 mN/m 

[Å2]  
A45 mN/m 

[Å2]  
maxC− 1

s [mN/m]  

DMPC 
PBS pH = 7.4 100 ± 2.1 62.0 ± 2.0 55.1 ± 0.6 46.3 ± 0.5 82 ± 3 
SIM 372 ± 1.0 129 ± 1.6 115.7 ± 1.5 56.6 ± 1.0 41 ± 5 
HPβCD 146 ± 1.2 63.0 ± 2.5 55.9 ± 0.3 47.5 ± 0.7 92 ± 10 
HPβCD:SIM 592 ± 1.5 126 ± 1.8 108.3 ± 1.2 50.7 ± 1.3 44 ± 4  

Cholesterol 
PBS pH = 7.4 45.0 ± 0.5 43.7 ± 0.9 36.9 ± 1.2 35.5 ± 0.5 454 ± 10 
SIM 274 ± 2.5 76.4 ± 1.6 87.2 ± 5.0 40.4 ± 1.2 46 ± 6 
HPβCD 82.5 ± 1.0 45.2 ± 1.3 37.6 ± 0.9 35.5 ± 0.8 250 ± 12 
HPβCD:SIM 355 ± 2.0 67.2 ± 2.0 62.3 ± 2.5 35.0 ± 1.0 48 ± 8  

DMPC:Chol (7:3) 
PBS pH = 7.4 95.0 ± 1.5 53.1 ± 1.0 52.2 ± 0.5 46.5 ± 0.8 115 ± 4 
SIM 400 ± 3.0 135 ± 2.5 125.7 ± 2.5 60.8 ± 2.0 47 ± 5 
HPβCD 154 ± 2.4 54.7 ± 1.5 55.8 ± 1.0 48.3 ± 0.4 75 ± 2 
HPβCD:SIM 521 ± 2.5 108 ± 1.8 79.0 ± 2.6 54.8 ± 1.2 48 ± 6 

Alift− off – area at which the transition from the gas phase to the liquid-expanded occurs. 
A0 – area per lipid molecule corresponding to a well-organized monolayer. 
A30 mN/m – area per lipid molecule at a surface pressure of 30 mN/m. 
A45 mN/m – area per lipid molecule at a surface pressure of 45 mN/m. 
maxC− 1

s – maximum value of compression modulus. 

Fig. 1. Surface pressure – area per molecule (π-A) isotherms of the DMPC 
monolayer formed on PBS solution (pH = 7.4) ( ) and buffer containing 
different concentrations of simvastatin (SIM): 1 × 10− 7 ( ), 2 × 10− 7 ( ), 
5 × 10-7 ( ), 8 × 10− 7 ( ), 1 × 10-6 ( ) M. Insets: compression modulus 
versus surface pressure plot of the DMPC monolayer. 

Fig. 2. PM-IRRAS spectra of DMPC monolayers compressed to 30 mN/m on 
pure PBS buffer subphase pH = 7.4 (black) and PBS buffer containing 10− 6 M 
SIM (red) in the ~1800 cm− 1 to ~800 cm− 1 spectral region (polar headgroup 
and carbonyl ester). 
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by the relatively low area per molecule (A0= 40 Å2) and high value of 
maxC− 1

s (454 mN/m) (Fig. 3B, Table 2) [58]. A significant change in the 
monolayer organization was observed when SIM was present in the 
subphase (Table 2, Fig. S5). Sharp minima appeared in the C− 1

s vs surface 
pressure plots at surface pressure of 35 mN/m (inset in Fig. 3B). In 
general, such minima indicate orientational changes or phase transitions 
but here, they corresponded to the removal of SIM from the layer. The 
compression modulus value also decreased reflecting the transition from 
solid to a liquid-condensed phase, or even to liquid-expanded phase 
when SIM concentrations were in the range 8 × 10− 7–1 × 10-6 M 
(Table 2, Fig. S4). 

The mixed monolayer, DMPC:Chol (7:3) is in the liquid-condensed 
phase on pure PBS buffer solution, and the maxC− 1

s value is above 
100 mN/m [48,59] and in the presence of SIM or SIM:HPβCD the iso-
therms shifted towards a larger area per molecule (Fig. S6). On the PBS 
buffer subphase, the value of A30 mN/m was 52 Å2. Interestingly, on the 
subphase with SIM, A30 mN/m was larger (125 Å2) than with SIM:HPβCD 
(79 Å2) (Table 2) and the value of maxC− 1

s was larger in the presence 
SIM:HPβCD. These differences made it clear that the interactions of the 
mixed layer with SIM and SIM delivered in form of the complex are not 
identical. The weaker fluidizing effect of SIM molecules released from 
the carrier can be explained by the external interactions between the 

ligand and the polar groups of the monolayer constituents that accom-
pany the drug incorporation process. The monolayer compressio-
n/expansion experiments allowed to understand this behaviour much 
better (Fig. S7). 

The hysteresis in the subsequent compression/expansion of the films 
is a common phenomenon in Langmuir monolayers [60,61]. We used 
this approach for the DMPC:Chol (7:3) monolayer in the presence of 
10− 6 M HPβCD, SIM and SIM:HPβCD complex in the subphase, with the 
reversal point at the surface pressure of 30 mN/m (Fig. S7). The hys-
teresis was negligible for DMPC:Chol (7:3) monolayer on pure subphase, 
which shows that the state of the monolayer and its composition 
remained unchanged during subsequent compression and expansion 
cycles. In the presence of HPβCD in the subphase, the isotherms shifted 
towards smaller areas per molecule during subsequent cycles, which 
suggests a loss of material from the monolayer due to removal of some 
cholesterol to the solution via complexation with HPβCD, but this effect 
was not so significant. However, in the presence of SIM or the SIM: 
HPβCD complex in the subphase, the isotherms of the DMPC:Chol (7:3) 
monolayer compression/decompression shifted to larger areas per 
molecule indicating the incorporation of SIM into the lipid layer during 
the expansion cycles. Interestingly, this shift was much more pro-
nounced with SIM alone than with SIM delivered in form of SIM:HPβCD 

Fig. 3. Surface pressure–area per molecule (π − A) isotherms of DMPC (A), cholesterol (B), DMPC:Chol (7:3) (C) monolayers formed on PBS buffer solution 
(pH = 7.4) ( ) and buffer containing 1 × 10− 6 M of simvastatin (SIM) ( ), cyclodextrin (HPβCD) ( ) or the complex (SIM:HPβCD) ( ). Insets: compression 
modulus versus surface pressure plot for DMPC, Chol, and DMPC:Chol (7:3) monolayers, respectively. 
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complex. It proves that SIM released from the complex and incorporated 
into the layer is counterbalanced extraction of portion of the cholesterol 
molecules from the layer by the free HPβCD ligand present in the 
interfacial region. 

The thermodynamic parameters of hysteresis: free energy of hys-
teresis (ΔGhys), configurational entropy of hysteresis (ΔShys) and 
enthalpy of hysteresis (ΔHhys), were calculated (Table 3). 

The ΔGhys value of the DMPC:Chol (7:3) monolayer formed on PBS 
buffer (-0.09 kcal/mol) was significantly higher than the ΔGhys value of 
the monolayers formed on the buffer subphases containing cyclodextrin, 
simvastatin or their complex. The negative ΔGhys values indicate that a 
significant amount of energy remained in the cycle, indicating in-
teractions between the layer components. Moreover, the relatively high 
negative configuration entropy (TΔShys) calculated for the SIM and SIM: 
HPβCD systems with DMPC:Chol (7:3) demonstrates the formation of an 
entropically unfavourable ordered molecular organization. The more 
negative value of ΔHhys of the DMPC:Chol (7:3) monolayer in the 
presence of SIM:HPβCD compared with that of SIM alone indicates 
strong interactions between the drug and the hydrophobic core of the 
membrane, together with interactions of the hydrophilic OH groups of 
HPβCD with the polar groups of the lipids (Table 3). The latter, would be 
a factor facilitating the removal of cholesterol from the monolayer by 
free HPβCD and its inclusion into the cyclodextrin cavity. 

3.3. Interactions of simvastatin, cyclodextrin and their complex with 
model membranes compressed to 30 mN/m 

The physicochemical properties (e.g. compressibility, physical state, 
the surface area occupied by a molecule) of the lipid monolayers and 
real biological membranes are comparable at a surface pressure of 
30− 35 mN/m [62]. Moreover, the situation when a drug is delivered to 
already-formed membrane and the interaction is observed over time on 
the order of hours seemed to us more biomimetic. Therefore, mono-
layers of DMPC, DMPC:Chol (7:3) and cholesterol were first formed by 
compression to surface pressure of 30 mN/m, and then solutions of SIM, 
HPβCD or SIM:HPβCD were injected into the subphase under the 
monolayer. The changes in the surface pressure over time were recorded 
(Fig. 4 and Fig. S8). 

DMPC and DMPC:Chol (7:3) monolayers showed good stability after 
compression to 30 mN/m on the pure subphase (Fig. 4). Free SIM and 
SIM released from the SIM:HPβCD complex were incorporated into the 
DMPC monolayer with a similar efficiency (Fig. 4). These effects are 
consistent with the π − A isotherms recorded for these systems (Fig. 3). 
Moreover, the surface pressure stabilized after approximately 5.5 h, 
which indicated that the equilibrium drug concentration in the mono-
layer was reached (Fig. 5). 

In contrast, for the cholesterol monolayer (Fig. S9), an initial 
decrease in the surface pressure value was observed, which may be 
explained by the reorganization of the monolayer surface domains, 
nucleation and 3D crystallite growth or material desorption into the 
subphase often reported in the literature [63]. It should be noted that the 
Langmuir monolayer is not in equilibrium with the environment during 
compression, therefore, when compression is stopped at 30 mN/m, the 
relaxation processes tend to establish an equilibrium in the system, 

which explains the initial decrease of surface pressure observed in all 
recorded π – t curves at the start of the stability experiment. 

The similarity of plots of surface pressure vs. logc for SIM and SIM: 
HPβCD complex measured after 5.5 h (Fig. 5) confirms that the hydro-
philic OH groups of HPβCD keep the ligand outside the lipophilic bio-
logical membranes while the hydrophobic drug molecules included in 
the HPβCD cavities are released and penetrate the membranes. 

As shown in Figs. S8 and S9 for the complex present in the subphase, 
the maximum surface pressure was reached more slowly due to the 
sustained release of simvastatin from the carrier. Above 1 × 10− 5 M SIM: 
HPβCD, the surface pressure value attained a constant value. The 
decrease of surface pressure at longer times suggests more efficient 
desorption of cholesterol from the interface (Fig. S8C) accompanied by 
the destabilization of the cholesterol monolayer packing further facili-
tating extraction by the HPβCD [64–66]. The surface pressure vs. time 
data show that the complex and cyclodextrin itself affected the com-
pressed cholesterol monolayer to the same extent. 

All the above results confirm that smooth incorporation of simva-
statin released from the SIM:HPβCD complex is counterbalanced by the 
interactions between the cyclodextrin molecules in the interfacial region 
and cholesterol present in the monolayer leading to extraction of 
cholesterol molecules. 

4. Conclusions 

In this study we were able to demonstrate for the first time why 
simvastatin complexation by (2-hydroxypropyl)-β-cyclodextrin facili-
tates smooth penetration of this lipophilic drug into the model lipid 
membranes composed of DMPC and Cholesterol (7:3). 

Studies of the interactions of simvastatin and its complex with 
DMPC, Chol and DMPC:Chol (7:3) membranes formed at the air–water 
interface revealed that both the free drug and the drug released from the 
complex, incorporated into well-organized layers causing significant 
changes in the morphology of the monolayers, leading to their fluid-
ization. The PM-IRRAS experimental results at the air–solution interface 
confirmed strong interaction of simvastatin with the lipids. Simvastatin 
significantly influenced the glycerol ester group of DMPC by changing 
its local environment and inducing its hydration. This agrees well with 
the previous fluorescence anisotropy investigations of liposomes 
showing that SIM has a fluidizing effect on the DPPC and DPPG layers 
[12,13] and NMR data on the SIM interactions with dodecylphos-
phocholine acyl chains [20]. The poorly water-soluble, lipophilic sim-
vastatin (solubility in PBS buffer, pH = 7.4 is only 5.14 ± 0.143 × 10− 6 

M), forms a soluble and stable complex with (2-hydrox-
ypropyl)-β-cyclodextrin (KSIM:HPβCD is 1403 ± 40 M-1), hence, the higher 
concentrations of the drug that are usually needed in the therapies can 
be easily delivered. 

The key findings of this work can be summarized as follows:  

1 Simvastatin incorporation in the DMPC, cholesterol and mixed 
Langmuir monolayers led to monolayer fluidization increasing with 
the increase of the drug concentration, and the extent of unwanted 
fluidization was much smaller when the drug was delivered in the 
form of an inclusion complex with HPβCD. 

Table 3 
Thermodynamic functions calculated from the hysteresis experiments for DMPC:Chol (7:3) monolayers formed on subphases containing 1 × 10− 6 M simvastatin (SIM), 
cyclodextrin (HPβCD) and their complex (SIM:HPβCD): free energy of compression (ΔGcomp), expansion (ΔGexp) and the difference (ΔGhys), configurational entropy of 
hysteresis (TΔShys), and enthalpy of hysteresis (ΔHhys), (calculated for surface pressure range from 1 to 30 mN/m).  

Subphase ΔGcomp 

[kcal mol− 1]  
ΔGexp 

[kcal mol− 1]  
ΔGhys 

[kcal mol− 1]  
TΔShys 

[kcal mol− 1]  
ΔHhys 

[kcal mol− 1]  

PBS buffer 0.53 ± 0.01 0.44 ± 0.0 − 0.09 ± 0.00 − 0.57 ± 0.10 − 0.66 ± 0.10 
SIM 4.03 ± 0.70 2.53 ± 0.6 − 1.50 ± 0.08 − 2.92 ± 0.40 − 4.42 ± 0.80 
HPβCD 0.72 ± 0.05 0.45 ± 0.02 − 0.27 ± 0.04 − 1.02 ± 0.30 − 1.29 ± 0.30 
SIM:HPβCD 2.55 ± 0.40 1.32 ± 0.10 − 1.23 ± 0.08 − 3.68 ± 0.60 − 4.91 ± 0.40  
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2 The surface pressure studies showed for the first time that the drug 
delivered to the membrane in the form of the SIM:HPβCD complex 
dissociates from the complex when it comes into contact with the 
lipid layer.  

3 The cyclodextrin ligand released from the complex remained close to 
the membrane surface due to weak interactions between the exterior 
polar part of HPβCD and the polar headgroups of the lipid layer. This 
interaction facilitates the smooth incorporation of the released 
lipophilic drug into the membrane.  

4 At a longer time-scale or under repeated monolayer compression- 
decompression on the subphase containing the SIM:HPβCD com-
plex, the penetration of the lipid membrane by SIM was accompanied 
by some cholesterol (but not DMPC) extraction from the monolayer 
by the cyclodextrin. The Chol-CD complex formation was evidenced 
by the thermodynamic data calculated from the hysteresis curves. 
The removal of cholesterol from the membrane supports the function 
of statin as the inhibitor of cholesterol biosynthesis in cholesterol- 
lowering therapies. 

The results of this study deepen our understanding of simvastatin 
behavior at the lipid membrane – solution interface, and reveal the 
improvement of drug delivery that can be achieved by inclusion of the 

drug in (2-hydroxypropyl)-β-cyclodextrin. Future work should focus on 
the application of the HPβCD as the carrier enhancing the bioavailability 
of this highly-lipophilic drug and allowing its delivery at the very high 
concentrations, that are usually required for in vivo application. 
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Fig. 4. Changes in surface pressure over time for DMPC monolayers initially compressed to a surface pressure of 30 mN/m on PBS buffer (pH = 7.4) after the 
injecting SIM (A) and SIM:HPβCD complex (B) into the subphase. The final concentration of the molecules: pure buffer ( ), 1 × 10− 7 ( ), 5 × 10− 7 ( ), 1 × 10-6 

( ), 5 × 10-6 ( ), 1 × 10-5 ( ), 2 × 10-5 ( ), 5 × 10-5 ( ) M. 

Fig. 5. Plots of steady - state surface pressure (after 5.5 h) vs. log of the concentration of SIM, HPβCD and (SIM:HPβCD) complex.  
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