Journal Name

L SOCIETY
CHEMISTRY

Effect of Benzocaine and Propranolol on phospholipid-based bi-

layers

Received 00th January 20xx,
Accepted 00th January 20xx H. Frielinghaus?
DOI: 10.1039/x0xx00000x

www.rsc.org/

G. Mangiapia,*® M. Gvaramia,®® L. Kuhrts,? J. Teixeira,® A. Koutsioubas,? O. Soltwedel* and

Cell membranes play a fundamental role in protecting the cell from its surroundings, in addition to host many proteins with
fundamental biological tasks. A study of drug/lipid interactions is a necessary and important step to fully clarify the role and

action mechanism of active ingredients, as well as to shed light on possible complications caused by drug overdosage. In this

paper, the influence of Benzocaine and Propranolol drugs on the structure of L-a-phosphatidylcholines-based membranes

has been investigated by means of neutron reflectivity, grazing incidence small angle neutron scattering, and small/ultra-

small angle neutron scattering. Investigations allowed discovering a stiffening of the membranes as well as the formation of

stalks, caused by the presence of Benzocaine. On the other hand, disordered bilayers (lamellar powders) and highly curved

structures were found in the presence of Propranolol. The found results may be rationalized in terms of the molecular

structure of drugs and may serve as starting point for explaining the toxic behavior in long-term and overdosage scenarios.

Introduction

Cell membranes consist mainly of lipid bilayers as their struc-
tural unit. ¥ In turn, these bilayers are composed by phospholip-
ids, amphiphilic molecules formed by a functionalized hydro-
philic phosphate head esterified with two fatty acid chains.

The main task accomplished by cell membranes is essentially
to protect the cell from its surroundings, acting as a selective
barrier between the internal cytoplasm and the extracellular
environment. 2 Part of their selectivity is due to the presence of
different proteins (known as membrane proteins) that are em-
bedded in the lipid bilayer. The biological functions of these pro-
teins include also the possibility to activate cell signaling, to trig-
ger intracellular signaling pathways, and to interact with exter-
nal substances, including active ingredients. 3 At this aim, most
of the drugs designed or used in pharmacological therapies tar-
get membrane proteins, * like channel blockers or protein bind-
ing inhibitors. °

For the above mentioned reasons, most of the action mecha-
nism studies, or pharmacokinetic investigations, are exclusively
focused on drug/protein interactions, while a possible
drug/phospholipid interaction is usually neglected. This ap-
proach, aside from being not fully justified, neglects some key
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aspects of the interaction between active ingredients and cellu-
lar system. Concerning this, even in the presence of a specific
drug interaction with a particular receptor, a partial drug uptake
operated by the cell membrane may significantly influence the
pharmacokinetic properties of the drug, such as its delivery, dis-
tribution, and elimination, modulating the overall efficacy of the
administration. A second key aspect to consider for a proper
and meaningful investigation, concerns the structure of the tar-
get protein. In fact, action mechanism and pharmacological
studies require, for a correct understanding, that the protein
has the same conformation assumed inside the cell membrane;
what it is possible only when the protein is embedded in a lipid
bilayer membrane. A possible scenario in which the protein is
extracted from the bilayer, purified, and studied is hardly possi-
ble, because of its sensitive nature that often results in a dena-
turation process once extracted.

For what has been said, a study of drug/lipid interaction ap-
pears a necessary and important step to fully understand and
properly evaluate the role played by the two different interac-
tions drug/protein and drug/phospholipid. Such a study is also
important, when combined with complementary investigations,
for developing and finding new active ingredients with im-
proved pharmacokinetic characteristics. Indeed, in a limited
number of cases, different families of drugs such as antibiotics,
69 antimycotics, and % ! antipsychotic, > 13 as well as anti-
cancer agents % 15 have been studied from the point of view of
their possible interaction with lipids, ¢ even through simulation
studies. 17 It has often been found that, even in the absence of
a specific drug/membrane interaction, the binding of the drug
to the membrane reduces the availability of the free drug, mak-
ing the pharmacological effects blander. 1820

The high complexity shown by the cell membranes makes the
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physico-chemical and the biophysical interactions with drugs
very challenging to investigate. At this aim, simplified mem-
brane systems, like liposomes, 2! giant unilamellar vesicles 22,
Langmuir monolayers, 23 or solid supported membranes 2* have
been developed for their capability to mimic closely the natural
lipid bilayer.

In this paper we report an investigation of the interaction of
Benzocaine and Propranolol active ingredients with SoyPC
phospholipid-based bilayers. Biomimetic model membranes,
such as liposomes and lamellar phases, represent a very good
alternative to the natural membranes, since they allow investi-
gating the drug/membrane interactions under very precise and
reproducible conditions, without departing from those that are
the main features of a cell bilayer.

Benzocaine, chemically the ethyl ester of the 4-aminobenzoic
acid, is a local anesthetic normally used as pain reliever or for
treatment of oral ulcers. It is the active ingredient of many non-
prescription drugs, including those used for numb teething
treatments; it is very commonly administered and it is esti-
mated that around 30 billion doses are annually taken in the
U.S.A.

Propranolol is a beta blocker medication. It is used for the
treatment of high blood pressure, hyperthyroidism, and in some
cardiac arrhythmia scenarios.

Investigations at the nanoscale level have been carried out by
means of Neutron Reflectivity (NR), Grazing Incidence Small An-
gle Neutron Scattering (GISANS), and Small/Ultra-Small Angle
Neutron Scattering (SANS/USANS). Combination of these tech-
niques is able to provide detailed information both on the su-
pramolecular structures formed 2° and on the bilayer character-
istics, 2% 27 highlighting eventual variations operated by the drug
addition. In particular, NR is able to probe the nanoscopic char-
acteristics of the bilayers in a very accurate way, providing in-
formation about the extensions of hydrophobic and hydrophilic
domains inside the bilayers: part of this accuracy is due to the
capability of neutrons to depend on the nuclear composition of
the sample, rather than on its electron density, like in X-ray an-
alogue technique. On the other hand, SANS measures the aver-
age structures in the volume probed and is ideal for examining
the shape and size of supramolecular aggregates formed.

The results obtained from our investigations will show how
the addition of very simple molecules (like those studied here)
may modify very strongly the properties of the double layer.
These findings strengthen the idea that a simple drug/protein
study, carried out by neglecting a (possible) interaction with the
double layer may lead to misleading or incomplete picture of
the system. Moreover, it will be noted how the present ap-
proach, involving complementary neutron-based techniques, is
able to give a valuable set of information about the systems in-
vestigated.

Going into detail, it will be seen a different behavior shown
by the two drugs: Benzocaine tends to stiffen the phospholipid-
based double layer and to bend it locally with formation of
stalks, whereas Propranolol causes a strong disorder degree in
the double layer, promoting the formation of distorted lamellae
and structures with high curvature.

Experimental
Materials

SoyPC (mainly composed by 1,2-dilinoleoyl-sn-glycero-3-phos-
phocholine, purity 95%, averaged molecular weight 775.037
a.m.u.) was obtained from Avanti Polar Lipids Inc. (Alabas-
ter/AL, USA). Benzocaine (purity 98%, molecular weight 165.19
a.m.u.) and Propranolol (in hydrochloride form, purity = 99%,
molecular weight 295.80 a.m.u.), were purchased from Sigma
Aldrich (Taufkirchen, Germany). All the molecular structures, as
well as the molecular volumes and the scattering length densi-
ties (SLD) of hydrophobic and hydrophilic portions, highlighted
in green and red colors, respectively, are reported in Table 1.

Heavy water (minimum isotopic enrichment > 99.8%, molec-
ular weight 20.0276 a.m.u.) was obtained from ARMAR Chemi-
cals (Leipzig, Germany) and used for the preparation of all the
samples.

2-propanol (molecular weight 60.10 a.m.u.), and trichloro-
methane (molecular weight 119.38 a.m.u) pure for HPLC analy-
sis, were both purchased from Bachem (Bubendorf, Switzer-
land).

All chemicals were used as received, without further purifica-
tion.

Table 1 - SLDs (p) of the molecules used in the experimental investigations. Values were used for the analysis of some reflectivity data by means of the Parratt algorithm. Molecular

volumes have been estimated by using results from MD simulations carried out on phospholipids 28 and from the theory of group contributions. 2°

10° - p/A?
Component Molecular Structure Hydrophobic Hydrophilic
portion portion
[¢} [0)
- - o/\fogg\o/\/w\\
SoyPC O 0.312 0.898
0
Benzocaine ~o 172 1.10
NH,
Propranolol ‘/L\C‘ 2.21 0.508
/"
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Preparation of samples for NR/GISANS experiments.

Each sample used for NR and GISANS investigations was pre-
pared starting from a standard solution of SoyPC in 2-propanol:
at this aim, a selected amount of SoyPC was dissolved in the
secondary alcohol, such to have a molar ratio of =2 mol % be-
tween the phospholipid and the solvent, and a total volume of
=15 ml. The mixed components were stirred, up to have a com-
plete dissolution of the phospholipid in the solvent. Afterwards,
always under stirring, the appropriate amount of a 2-propanol-
based stock solution of the drug (Benzocaine or Propranolol)
was slowly added, until a clear one-phase system was obtained.

Each of the prepared solutions was deposited on an ultrapol-
ished Si block (r.m.s. roughness < 2 A, dimensions: 1.50 cm — 5.0
cm — 2.0 cm) obtained from Andrea Holm GmbH (Tann, Ger-
many): an O-ring in a custom-made scaffold allowed the solu-
tion to stay on top of the silicon block. The block was levelled
out by means of a spirit level. Subsequently, the solution was
allowed evaporating at room temperature and at a reduced
pressure (~ 250 mbar) for 8 h, in order to avoid the formation
of bubbles inside the liquid phase due to a drastic decrease of
the pressure. After that, the system was kept under a pressure
of few millibars (< 1073 mbar) for 16 h for removing all the resid-
ual isopropanol, leading to a SoyPC/drug layer of macroscopic
size (1-2 mm thick). Just after this step, the silicon block was
mounted into a custom made sample cell (sketched in Fig. 1),
filled with heavy water and studied through NR and GISANS ex-
periments. The cell was equipped with a cover glass allowing
visually inspecting the SoyPC/drug layer and checking for even-
tual air bubbles formed after injection of D,0. Ocular inspection
of the layer after the NR/GISANS investigations allowed exclud-
ing, in all prepared samples, a deterioration of the film coverage
during the measurements.

All the silicon block active surfaces used for the experiments
were carefully cleaned before their use through the RCA treat-
ment. 3°
Preparation of samples for small angle experiments

Samples used for small angle scattering experiments were pre-
pared starting from a stock solution, obtained by dissolving a
suitable amount of SoyPC in pure chloroform, in order to get a
concentration of =1mgml™ . Appropriate amounts of this
mother solution were transferred in different round-bottom
glass vials. Subsequently, suitable quantities of chloroform-
based stock solutions containing the drug to be investigated
were added, in order to have a pre-fixed molar ratio between
drug and phospholipid. The dissolution of the components was
promoted by a slight warming (E 40°C) and a very short soni-
cation treatment (25 min) . Afterwards, a thin film was ob-
tained for every sample, through slow evaporation of the chlo-
roform in a stream of argon, to prevent lipid oxidation. The lipid
films were hydrated, and all the resulting suspensions were vor-
texed and then gently sonicated (E 30 min). Subsequently, an
aliquot of each suspension was repeatedly extruded through a
polycarbonate membrane of 100 nm pore size, for 11 times. The
final (molal) concentration of SoyPC was in all cases 5.0
mmol/kg; drug concentrations, were chosen accordingly to the
pre-fixed molar ratio.

This journal is © The Royal Society of Chemistry 20xx

NR and GISANS experiments

NR and GISANS measurements were performed at MARIA, N-
REX, and TREFF instruments, installed at MLZ (Maier-Leibnitz
Zentrum), Garching, Germany. In a NR experiment, the specular
reflectivity R is measured as a function of the scattering vector
component Q, along the direction z perpendicular to the in-
terface: under the Born approximation, and in the limit of large
Q, values (i.e. low R values), the reflectivity is dependent on
the Fourier transform of the scattering length density profile
p(z) along this direction: 3!

2

R=

2
1ZZT Up(z)exp(iazz)dz

The function p(z) , the scattering length density at the various
z values, is dependent on the local composition and allows ob-
taining information on the lipid bilayer at the nanoscale.

Even if in NR experiments the scattering plane is perpendicu-
lar to the sample plane, measurements always provide data
containing both the specular contribution and the diffuse scat-
tering coming from Q, =0, where x represents the direction
perpendicular both to z and to the detector plane. Anyway, the
diffuse contribution is usually orders of magnitude smaller than
the specularily reflected signal. 32

On the other hand, in a GISANS investigation, where a non-
null component of the scattering vector along a direction per-
pendicular to z is present, information about eventual lateral
correlations inside the sample is easily accessible. 33

At MARIA, 34 the wavelength of the neutrons was set to
A=10A for NR and to 1=5.0A for GISANS investigations, with
a wavelength spread of A1/4<0.10 by means of a velocity se-
lector. In NR configuration, an elliptically curved focusing guide
along the vertical direction, allowed obtaining a beam size of 10
- 0.1 mm?; in GISANS setup, a pinhole collimation setting was
used, with a beam aperture of 16 - 2 mm?2. Sample-to-detector
distance was fixed at 1.91 m, whereas a rotating table allowed
modulating the incident angle. This configuration allowed col-
lecting data in the range 3.310°<Q,/A™"<0.31 for NR and
0<Q,/A™*<0.25-0.15<Q,/A™ <0.15 for GISANS, being y the
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Fig. 2 — NR data collected for (a) SoyPC/Benzocaine and (b) SoyPC/Propranolol systems in D,0, according to the reported legends. To allow for a better visualization,
data have been multiplied by a scale factor, as indicated. In plot (a) solid curves have been obtained from fitting of the Parratt algorithm to the experimental data, as
described in the text. In plot (b) Bragg reflections have been highlighted with arrows of different colors, according to their Q, positions and connections (see the
Discussion section). For an accurate determination of peak positions, a Gaussian function, or a sum of two Gaussian functions for partially overlapped peaks, have been
fitted to the experimental data in proximity to the maxima, and reported as solid curves. Not detected peaks, or weak peaks whose position deviates from that of a

lamellar arrangement are indicated with dashed arrows (see also Table 4).

direction perpendicular to z and parallel to the detector plane.
Because of its high-flux and low-background characteristics,
MARIA is able to detect reflectivity values down to 10 ° with
relatively short time measurement (=1.5-2 h per sample). In
GISANS mode, the measurements were mostly performed be-
low the critical angle 0') of total internal reflection: in this case
an evanescent wave propagating in to the sample occurred, al-
lowing collecting information over the complete surface region
down to the depth of this wave.

At NREX, 3° a wavelength of 1=4.28A with a wavelength
spread of A1/1<0.03 was used, by means of a HOPG crystal. A
slit size of 50 - 1.0 mm? was used for defining the incident beam,
whereas scattered neutrons were detected by means of a *He
detector set at 2.46 m from the sample position. With this con-
figuration, data in the range 5.610 <QZ//°-\’1<0.26 were col-
lected in NR mode and 0<Q,/A™<0.12;0<Q,/A™"<0.10 in
GISANS setup.

At the neutron reflectometer TREFF, 36 a wavelength of 4.7A
was used, by means of a graphite monochromator able to pro-
vide a wavelength resolution of A4/A<0.03. Specular intensi-
ties were recorded in 6’/29 scan mode, with an incident beam
of 0.4 60 mm?,
9.110* <Q, /A" <0.25.

All the measurements were carried out at room temperature,

allowing covering a Q, range of

using the custom made cell, as described in Fig. 1.
SANS/USANS experiments

SANS/USANS measurements were carried out by means of
KWS-1 and KWS-3 diffractometers, at MLZ (Maier-Leibnitz
Zentrum), Garching, Germany. Additional experiments were
also performed with TPA diffractometer, at LLB (Laboratoire
Léon Brillouin), Saclay, France.

At KWS-1, 37 neutrons with an average wavelength of
A=5.0A and wavelength spread A1/1<0.10 were used. A
two-dimensional 128 x 128 pixel-based array scintillation detec-
tor set at three different collimation (C)/sample-to-detector (D)
distances (namely C8/D2, C8/D8, and C20/D20, with all dis-

4| J. Name., 2012, 00, 1-3

tances in meters) measured neutrons scattered from the sam-
ples. These configurations allowed collection of data in a range
of the scattering vector modulus Q=47/4sin(6/2) ranged be-
tween 0.0028 and 0.40 AL, being @ the scattering angle. The
investigated samples were contained in a closed quartz cell, in
order to prevent the solvent evaporation, and were kept under
measurements for a period such as to have at least 2 million
counts of neutrons. The obtained raw data were corrected for
background and empty cell scattering, and then radially aver-
aged. Detector efficiency corrections and transformation to ab-
solute scattering cross sections were executed with a secondary
plexiglass standard. 38

At KWS-3, 3% an incident neutron wavelength 1=12.8A
(wavelength spread A4/1<0.2) was used, while the sample-to-
detector distance was fixed to 9.6 m. KWS-3 uses a double fo-
cusing mirror principle to access to very small angle region; a
bidimensional detector with square pixels of 0.35 mm in size al-
lowed collecting data ranged between 610 and 2107 A™ .

At TPA, “° neutrons with a wavelength of 12 A were used,
with a wavelength spread A1/A<0.11. A multibeam design of
the collimation system and a high resolution two dimensional
image plate detector located at 6.27 m from the sample posi-
tion, allowed collecting data in the range
4~104‘<Q/A’1<4.7~10’3 : data corrected for background and
empty cell scattering were radially averaged and rescaled on to
the small-angle data collected at KWS-1. At this aim, a scale fac-
tor was evaluated in order to have the smallest sum of the
squares of the difference of the two datasets in the range in
which the overlap between the two instruments occurred.

All the measurements were carried out at room temperature.

Results

In Fig. 2(a) and Fig. 2(b), NR data are reported for SoyPC/Benzo-
caine and SoyPC/Propranolol systems, respectively. Inspection
of data allows recognizing a different behavior shown by the
two different drugs.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 — Thicknesses of SoyPC-based bilayers in the presence of Benzocaine, ob-
tained through the Parratt algorithm, according to the reported legend.

For systems containing Benzocaine, the presence of two
Bragg peaks at Qﬁl)zo.lﬁfl and Q§2)=2 Qﬁl) is clearly visible.
This characteristic is also observed for the system without the
drug, although the position of the peaks is shifted to lower Q,
values: according to the method used for lodging the
SoyPC/drug mixtures on to the Si-based blocks, all these fea-
tures may be explained by assuming the formation of a lamellar
phase composed by the repetition of several bilayers on the
support, separated by water layers. Two additional features are
clearly visible by careful perusal of Fig. 2(a): (/) the presence of
a weakly pronounced reflection at le/z)EO.OSA’1 and (ii) the
presence of two different critical angles highlighted by two dif-
ferent slopes shown by data. The first critical angle appears to
be very small, i.e. smaller or comparable to the minimum angle
attained during reflectivity scans ( Qi"'l) ~0.002A™ ) whereas the
second is located around Qﬁ”'z) =0.012A™" . Both these charac-
teristics occur only in the presence of Benzocaine, being absent
for the pure SoyPC system.

Data for the above described systems were analyzed by
means of the Parratt formalism, *! describing the scattering
length density distribution, along the z direction, in terms of a
stack of distinct layers. In this analysis, Si substrate was modeled
as an infinite-thick planar surface covered with a thin layer of
oxide (SiOy). 42 The Parratt approach uses a transition matrix for
each layer, able to correlate the amplitude of the neutron wave
propagating in a certain layer to the behavior in the previous
adjacent layer. 3 A set of matrices minimizing the sum of
squares of the differences between the experimental and the
calculated reflectivities were found, characterizing thickness,
scattering length density, solvation (solvent volume fraction),
and interfacial roughness of the different layers. These calcula-
tions were implemented in the MOTOFIT application: #* all the
parameters were varied until the optimum fit to the data was
found. Although more than one set of parameters can very of-
ten be found for a given experimental dataset, the number of
these possible sets was significantly reduced by a prior
knowledge of the system, which allows imposing a range of val-
ues for each parameter to be optimized, as well as a certain
number of constraints, avoiding the occurrence of meaningless

This journal is © The Royal Society of Chemistry 20xx

values. For examples, the two thicknesses belonging to the op-
posite hydrophilic portions of bilayers were constrained to be
equal each other. Data obtained from analysis of the systems
are reported in Fig. 3.

Reflectivity data collected for SoyPC bilayers in the presence
of Propranolol show, on the other hand, a more complex behav-
ior: multiple peaks with high broadness are visible. Position of
some reflections is, again, typical of a lamellar arrangement,
but, differently from what seen for SoyPC/Benzocaine systems,
here the peaks appear broad and some of them overlap. This
behavior is particularly apparent for the system at 10 mol % of
Propranolol: the most intense reflection is observed at
Qﬁl") ~0.0790A™ , along with two correlated peaks at
Q™ =0.158A" and Q" 20.235A . Besides these peaks, addi-
tional maxima are clearly present in the spectrum; in particular
a peak is visible at leb) =0.0618A™", being its shoulder-like
shape appearance due to the high signal connected to the Bragg
reflection at Qil") that partially masks its position. Other peaks
most likely correlated to Qﬁlb) , appear at QﬁZb) =0.124A™ as well
as at dgb) =0.186A™ (this latter being rather weak). These re-
flectivity data appear as composed by the overlapping of differ-
ent structures, and are not susceptible of a simple quantitative
analysis.

As mentioned, the study of the interaction of the active ingre-
dients with bilayers was also carried out in the bulk, by means
of SANS/USANS. At this aim, Figs. 4 and 5 show the scattering
cross sections obtained for SoyPC/Benzocaine and SoyPC/Pro-
pranolol systems, including both suspensions subjected to sim-
ple sonication and suspensions extruded afterwards. Analo-
gously to what seen for reflectivity data, a different trend of
cross sections is observed for the two systems. Some differ-
ences also occur when extruded and simply sonicated systems
are compared.

Sonicated suspensions in the presence of Benzocaine, as well
as the drug-free SoyPC suspension, show a narrow peak located
at Q=0.1A, as also observed for NR data. In the low Q re-
gion, cross sections scale with a power law, i.e. (dZ/dQ)xQ“,
where the slope « is ranged between 2 and 4. On the other
hand, for sonicated suspensions in the presence of Propranolol,
the Bragg peak observed for samples containing Benzocaine is
absent, and data at low Q
(d%/dQ)c Q. In all cases no Guinier regime is observed in the
Q range spanned by SANS/USANS investigations: this behavior
is consistent with the opalescent appearance of the simple soni-

scale with a power law

cated suspensions, indicating aggregates whose linear dimen-
sions are larger than the typical wavelength of visible light (
=500 nm), although samples containing Propranolol appeared
less opalescent than Benzocaine-based suspensions. All these
features are typical of the presence of liposomes in all the sus-
pensions: the presence of Bragg peaks and of a power law with
2<a <4 are typical features of the existence of multilamellar
liposomes, whereas for SoyPC/Propranolol systems unilamellar
liposomes are responsible for the scattering pattern detected.
In all cases, the slope a of the power law observed at low Q
values is connected to the lamellarity of the aggregates. %°
Scattering arising from multilamellar liposomes may be de-
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Fig. 4 — Scattering cross sections obtained for (a) SoyPC/Benzocaine and (b) SoyPC/Propranolol ststems prepared through sonication of hydrated suspensions in D,0,
actor,

according to the reported legends. To allow for a better visualization, data have been multiplied

y a scale as indicated. Solid curves have been obtained from

fitting of the models described in the text to the ex?erimental data. In plot (a), contributions to the total scattering cross sections coming from multilamellar liposomes

(dash-dotted line, multiplied by 0.01) and unilamel

ar liposomes (dashed line, multiplied by 0.001) have illustratively been reported for SoyPC aqueous system.

scribed assuming the liposomes as a collection of randomly ori-
ented assembly of lamellar stacks, neglecting their curvature,
since the complete missing of the Guinier region. For such struc-
tures, the theoretical cross section of a sample containing n;
randomly oriented stacks per unit volume has been obtained by
Kotlarchyk and Ritzau: 4°

, {#@r)
" ey

ax
dQ MLV

|(f(Q)>|2>(S(Q)_1) "

=N N- VZ.

where v indicates the volume of a single stack, Ap is the con-
trast between the lipid bilayers and the solvent, f(Q) is the
form factor of a single bilayer, i.e. f(Q)=sin(Q 7/2)/(Q 7/2),
whereas S(Q) represents the structure factor taking into ac-
count the interferences occurring among the bilayers belonging
to a single stack. The structure factor depends in a complex way
on the geometrical characteristics of the stack, namely the
mean layer thickness 7, and the distance between the centers
of two consecutive layers d . Both 7 and d have been allowed

to be polydisperse: the former with a Schulz—Zimm distribution
function related to the polydispersity index i, , the latter with a
Gaussian distribution having a standard deviation oy . In partic-
ular the ratio Gd/d, named Hosemann factor, has been esti-
mated. At this aim, the brackets ( ) in eqn. (1) refer to aver-
ages both over the distribution of layer thicknesses and over
that of interlamellar distances. 4®

Scattering coming from unilamellar liposomes may be de-
scribed by a single bilayer form factor:

=n, v> ?/3 <|f(Q;i)|2> (2)

a
dQ

Analysis of experimental cross sections collected for
SoyPC/Benzocaine has shown that the best description has
been obtained by modeling the system as a mixture of multila-
mellar and a small amount of unilamellar vesicles, summing up
eqn. (1) and (2); on the other hand, for SoyPC/Propranolol a de-
scription in terms of unilamellar vesicles has been proved to be
suitable for the analysis. In all the fitting procedures, a constant

(a) O SoyPC
O SoyPC/Benzocaine (10 mol %)
1.0-10'° 5 O SoyPC/Benzocaine (20 mol %)
‘21 O SoyPC/Benzocaine (30 mol %)
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1.0-102 1.0-10" Y
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1.0-10" 1.0:10°

(b) O SoyPC
O SoyPC/Propranolol (10 mol %)

1.0-10'° 4 O SoyPC/Propranolol (20 mol %)
3 O SoyPC/Propranolol (30 mol %)
1.0-10"2 1
1
4
1.0-10° 4
- 7
! E
(\% 1.0-10°
a i ® x 107
S 101001
8 1 = x 10°
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1010°1
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;
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Fig. 5 — Scattering cross sections obtained for (a) SoyPC/Benzocaine and (b) SoyPC/Propranolol systems prepared through extrusion of hydrated suspensions in D,0,
according to the reported legends. To allow for a better visualization, data have been multiplied by a scale factor, as indicated. Solid curves have been obtained from
fitting of the models described in the text to the experimental data. In plot (a), contributions to the total scattering cross sections coming from unilamellar liposomes
(dashed line, multiplied by 0.01) and multilamellar liposomes (dash-dotted line, multiplied by 0.001) have illustratively been reported for SoyPC aqueous system.
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term (dX/dQ)incon has been added, representing the incoherent
contribution to the cross section measured, mainly due to the
presence of hydrogen atoms. Data obtained from analysis of the
systems are reported in Table 2.

When data for simply sonicated suspensions are compared
with the corresponding data obtained for suspensions sub-
jected to extrusion, substantial differences can be detected. For
SoyPC/Benzocaine, a typical trend ascribable to unilamellar lip-
osomes is observed in the medium and high Q region, i.e.
(d2/dQ)xQ? when 5107°< Q/A™" <7107, similar to what ob-
served for sonicated SoyPC/Propranolol systems. Anyway, dif-
ferently from that latter case, data at low Q for SoyPC/Benzo-
caine suspensions show an excess of scattering that quantita-
tive analysis shows to be imputable to a residual presence of
multilamellar liposomes, although in this case their fraction is
low.

Finally, SoyPC/Propranolol extruded suspensions show the
unique presence of unilamellar liposomes that, differently to
what seen for the corresponding simply sonicated systems, are
unquestionably smaller, being the Guinier regime clearly visible
when Q<2-10°A™. All data for extruded systems are reported
in Table 3: quantitative analysis for such systems is similar in
many respects to the corresponding description adopted for
sonicated suspensions, being the main difference the model for
describing the scattering coming from unilamellar liposomes. In
this case a form factor of a hollow sphere with a polydisperse
aqueous core has been adopted. This model is justified from the
presence of the Guinier regime for unilamellar vesicles at very
low Q values, made out for SoyPC/Benzocaine suspensions
(because of the scattering coming from multilamellar vesicles)
and clearly shown for SoyPC/Propranolol systems.

Discussion

In the present work we are focused on the study of the pertur-
bation effects produced on the lipid bilayer by molecules used
as active ingredients for some treatment, trying to correlate
such effects to the drug molecular structure. Generally speak-
ing, the perturbation effects may depend on the hydrophobi-
city/hydrophilicity degree of the active ingredient, on its molec-
ular shape as well as on possible attractive or repulsive interac-
tions (e.g. electrostatic) that can be established: all these sides

contribute in a complex way to (eventually) perturb the phos-
pholipid packing. At this aim, it has been proved to be useful the
concept of the packing factor, introduced by Israelachvili,
Mitchell, and Ninham, 4’ that is able to explain, justify and very
often predict the molecular self-assembly behavior in surfactant
solutions. The packing factor N; is defined as

sti (3)

where v is the volume of the total surfactant hydrophobic por-
tion, / represents the tail length, whereas a, is commonly de-
fined as the equilibrium area per molecule at the aggregate sur-
face. Nagarajan “® has stressed that this latter parameter has
not to be intended as a simple geometrical variable connected
to the size and shape of the polar heads, rather as a thermody-
namic quantity coming out from a minimum free energy ap-
proach. For the following analysis, it has to be noted that the
hydrophobic portion of SoyPC bilayer was assumed to be in the
liquid crystalline phase, as the main lipid phase transition (gel-
sol, Py =L, ) temperature (<—40 °C) is well below the room
temperature.

Quantitative analysis of membrane characteristics was per-
formed for SoyPC/Benzocaine system. It showed that SoyPC is
organized on the Si substrate as a stack of bilayers, formed by
their repetition on the support, separated by layers of water.
Besides these repeating layers, a thin (=154 ) water layer was
found directly stratified on the SiO, layer (=2 nm ) covering, in
turn, the Si block. In all cases, roughness values of the interfaces
were ranged between 2 A and 7 A. Extensions of hydrophobic
and hydrophilic portions of the bilayers, as well as dimension of
the water spacing, have been plotted in Fig. 3 for the drug con-
centrations investigated. Inspection of data reveals a certain ef-
fect operated by the presence of the drug on the bilayer: inclu-
sion of Benzocaine reduces the repetition distance among the
bilayers, but not in a monotonic fashion. For pure SoyPC system,
this distance results to be ;27:/051) =65.2A, reaches its mini-
mum value at 10 mol % of the drug, where it is 59.8A , and
slightly increases again for 20% and 30% mol amount (61.9A
and 62.7A, respectively). Although these values are independ-
ent of any theoretical model, analysis of Fig. 3, based on Parratt
algorithm, shows that this trend is the outcome of two different
tendencies: (i) the water spacing that slightly decreases with the

Table 2 - Structural parameters obtained for sonicated aqueous suspensions of SoyPC/Benzocaine and SoyPC/Propranolol liposomes, through the analysis of SANS data, as described

in the text. The table report the slope « of the power law observed in the range 4-10™* <Q/,&’1 <1-107, the number N of lamellae in multilamellar liposomes, the average
thickness z of the bilayer together with its polydispersion index i, , the distance d between two consecutive bilayers and the Hosemann factor o‘d/d . In systems composed by

both unilamellar and multilamellar liposomes, thicknesses of bilayers have been constrained to be identical each other. The polydispersion index is defined as i, = <12 >/<r>2 , Where

the brackets indicates averages weighted by the Schulz-Zimm distribution function.

T R d Oy
System a N — i hl Zd
A A d
SoyPC 2.76+0.04 7.310.4 31.5+2.5 1.16+0.08 60.9+1.4 0.11+0.04
SoyPC/Benzocaine (10 mol %) 2.64+0.03 8.1+0.3 31.842.9 1.12+0.07 61.5+1.2 0.10+0.03
SoyPC/Benzocaine (20 mol %) 2.7610.04 7.5+0.3 32.0+2.7 1.22+0.12 63.1+1.5 0.10+0.03
SoyPC/Benzocaine (30 mol %) 2.72+0.04 8.4+0.3 32.2+2.8 1.15+0.09 62.9+1.7 0.11+0.03
SoyPC/Propranolol (10 mol %) 2.04+0.04 - 41.3+1.2 1.06+0.05 - -
SoyPC/ Propranolol (20 mol %) 2.08+0.05 - 40.8+0.6 1.09+0.07 - -
SoyPC/ Propranolol (30 mol %) 1.97+0.04 - 40.8+0.4 1.11+0.07 - -

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 7




increase of the drug content (even taking in to account the un-
certainty affecting the data), and (ii) the thickness of hydropho-
bic portion of the bilayer, that is progressively enlarged as soon
the drug amount is raised up. Concerning this latter parameter,

it is interesting to note that the C1-C18 distance measured in
the linoleic acid (the precursor of the main species in SoyPC) is
19.2 A. %° Although this value refers to the crystallographic dis-
tance, and despite the average thickness of the hydrophobic
portion of bilayers seldom exceeds 1.8 times the fully extended
length of the hydrocarbon chains, > it is nevertheless still higher
than the experimental thicknesses found, spanning the range
from 11.2 to 19.2 A, symptom of an interdigitation or tilting of
the hydrophobic chains. Generally speaking, there are manifold
circumstances where interdigitation phenomena are observed.
The most important regard the asymmetry of the chains form-
ing the phospholipid tail (i.e. one chain has more than 5-6 meth-
ylene groups with respect to the other one); ! the application
of high pressures, 3> 53; and the solubilization of molecules able
to promote or increase intermolecular lateral repulsions. >4 3> In
particular, the last point is what we are concerned about, since
solubilized species inside the bilayer may increase (or mitigate)
lateral repulsions, enhancing (or reducing) the interdigita-
tion/tilting phenomena. It has been argued °° that the repul-
sions occurring in the interfacial region of the bilayer initially
promote a progressive tilting of the lipid chains, for adapting to
the large interfacial molecular area. Increasing of tilting angle
increases, in turn, torsional and angular tensions in the lipid

chain: beyond a certain threshold, tilt cannot be further in-
creased, and hydrocarbon interdigitation occurs.

Analysis of the hydrophobic layer thickness shows, indeed,
that insertion of Benzocaine reduces the above described phe-
nomena, as an increasing of the thickness is observed at increas-
ing content of the drug. The presence of two cis double bonds
in the hydrocarbon backbone introduces kinks preventing effi-
cient packing of the hydrophobic chains in the bilayer, as it can
be seen in Fig. 6. >’ It can be argued that insertion of Benzocaine
is able to promote a better packing of the chains, being capable
to “fill” the space that is created in consequence of the reduc-
tion of chain tilting/interdigitation. In any case, it has to be
taken into account that the final packing is a compromise be-
tween the reduction (or increase) of repulsive interactions be-
tween the hydrophobic chains and a possible reduction (or in-
crease) of repulsive interactions between the polar heads, as it
will be glimpsed in the following. Thickness of the hydrophilic
portion is roughly constant in the range of concentration stud-
ied: Benzocaine has a small hydrophilic portion represented by
the ammine functional group and its insertion does not dramat-
ically modify this part of the bilayer.

Finally, it is interesting to discuss and rationalize the presence
of other two features appearing in SoyPC/Benzocaine reflectiv-
ity data, shortly mentioned in the Results section. Namely the
presence of two possible critical angles, and the appearance of
weak reflections at Qil/z) ~0.05A™", both of these features oc-
curring only in the presence of the drug.

There are two distinct sudden changes of slope in data trends,
for systems containing Benzocaine: the first is close to the min-
imum angle reached during investigations, namely
Q" =0.002A" , whereas the second is located around
Q“? =0.012A™" . Their presence might be ascribed to the differ-
ent contrast Ap = p. — ps existing between the “final” (infinite)
layer and the “initial” Si layer: the contrast value determines the
critical scattering vector modulus QSC') at which total reflection
occurs:

@C')=47”sin6(°’);4 T p (4)

The presence of macroscopically thick patches of bilayer ma-
terial with a scarce penetration of DO among the bilayers may
rationalize the results observed: these patches, for which D,O is

Table 3 - Structural parameters obtained for extruded aqueous suspensions of SoyPC/Benzocaine and SoyPC/Propranolol liposomes, through the analysis of SANS data, as described
in the text. The table report the aqueous core radius R Of unilamellar liposomes together with its polydispersion index iz, , and the thickness z of the bilayer. The polydispersion

index iz, is defined as iz, :<RC{,,E>/<RCO,€>2 , where the brackets indicates averages weighted by the Schulz-Zimm distribution function. For systems in which coexistence with

multilamellar liposomes occurs, the number N of lamellae, the distance d between two consecutive bilayers and the Hosemann factor o4/d are also reported. In order to reduce

the number of fitting parameters, in systems composed by both unilamellar and multilamellar liposomes, thicknesses of bilayers have been constrained to be identical. Furthermore,

d and Gd/d have been kept fixed and equal to the value averaged for the corresponding sonicated systems.

Reore . T d O4
System — IReore - N = —
A A A d
SoyPC 40716 1.09+0.05 33.0+1.2 612 62.1 0.10
SoyPC/Benzocaine (10 mol %) 39816 1.09+0.06 35.9+1.5 4.4+1.5 62.1 0.10
SoyPC/Benzocaine (20 mol %) 395+7 1.09+0.05 36.3+1.4 3.5+1.5 62.1 0.10
SoyPC/Benzocaine (30 mol %) 40816 1.0940.04 36.3+1.5 3.5+1.7 62.1 0.10
SoyPC/Propranolol (10 mol %) 47147 1.12+0.05 36.0+1.8 - - -
SoyPC/ Propranolol (20 mol %) 521+7 1.10+0.05 37.0+1.9 - - -
SoyPC/ Propranolol (30 mol %) 529+7 1.09+0.04 35+2 - - -

8 | J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx



Fig. 7 — Sketch of stalk formation induced by the addition of Benzocaine (not ex-
plicitly shown) to SoyPC bilayers. This phenomenon gives rise to twice the typical
repetition distance (e.g. the distance between the water layers), resulting in the
appearance of a reflection peak at half the Q, value of the primary Bragg peak.

not “seen” as final layer (for the purposes of the critical angle
determination) coexist with normal hydrated portions of bi-
layers. It has to be assumed that the size of these “island” of
scarcely hydrated material is bigger than the coherence volume
of the incident beam, as the two angles would not be visible
otherwise. Application of eqn. (4) for p.s = 0 gives a value
(0.0146 A1) very close to the observed Q“? . On the other
hand, a reliable estimation of Ap for the poorly hydrated phos-
pholipid stacks is hardly possible because of the unknown pen-
etration degree of water; it can only be argued that it must be
smaller than the corresponding difference found for water, be-
ing in qualitative agreement with the experimental observation
that Q") <@ (as it can also be seen from Table 1). A similar
phenomenon has been described for sodium poly-(styrenesul-
fonate) based films on silicon, were two critical angles arising
from the silicon/film and silicon/air interfaces were observed in
X-ray Reflectivity investigations. >®

A possible nanoscopic interpretation for the presence of
patches in SoyPC/Benzocaine systems might be the partial sup-
pression of bilayer fluctuations. Fluctuations promote the de-
tachment of the bilayers and the subsequent penetration of the
solvent among the layers. The presence of Benzocaine reduces
the strength of these fluctuations, from which we may infer a
higher rigidity of the bilayer. On the other hand, in the SoyPC
and SoyPC/Propranol systems, bilayers fluctuate much more,
and so they show the typical critical angle of Si/D,0 interface.
This hypothesis may be proven through Grazing Incidence Neu-
tron Spin-Echo Spectroscopy (GINSES) investigations. At pre-
sent, the main limitation for such technique is represented by
the low counting rates due to the limited scattering volume that
only comprises the volume covered by the evanescent wave.
However, improvements for dealing with this drawback are cur-
rently under development by some of us. >°

Most interesting is the appearance, for all the systems in the
presence of Benzocaine, of a small maximum at le/Z) ~0.05A7",
besides the first and second order Bragg peaks coming out from
the multilayer structure. The main point is represented by the
position of this reflection that is, for all the concentrations in-
vestigated and within the experimental uncertainty, half the
value of the first Bragg peak, i.e. Qﬁl/z) :le)/z . A rational justifi-
cation of such behavior is a local formation, in the bilayers, of
stalks in the lamellar arrangement, that will then result in twice

This journal is © The Royal Society of Chemistry 20xx

the typical repetition distance, resulting in turn in the appear-
ance of the peak at half the value of the first Bragg peak (as
sketched in Fig. 7). The formation of stalks, that are real crystal-
like defects in the lipid arrangement, has to be ascribed to the
capability of Benzocaine to induce localized structures with neg-
ative curvature of the bilayer membrane: such bending can only
be the result of a global increasing of the packing factor N; with
respect to the value assumed in pure SoyPC bilayers. Actually, it
has been seen that addition of Benzocaine provide a packing of
hydrophobic chains that tends to approach to the situation ex-
isting in the crystal; the experimental collected evidences sug-
gest that this better packing occurs along with reduced repul-
sive (or even attractive) interactions experienced by the phos-
pholipid heads that approach to shorter distances. In turn, these
interactions affect the global value of ao, i.e. the molecular area
at the aggregate surface. A simple analysis carried out by Tan-
ford, 4% %9 shows that a, is dependent on a headgroup repulsion
parameter £, and on the interfacial free energy o : ao =\/ﬁ/—cr
. A decrease of S resultsin an increase of the packing factor N
, favoring, after all, the formation of morphologies with nega-
tive curvatures: the better packing of the hydrophobic chains,
that tends to decrease N; is overcompensated by the improved
interactions among the polar heads leading to a global increase
of N;.In any case, it has to be highlighted that these structures
are formed in a low content, due to the lower intensities of the
associated Bragg peaks.

It has often been supposed that the formation of such defects
is the prelude to a transition to non-lamellar phases. ! Indeed,
the formation of hexagonal and tetragonal lattices has been
found ©2 for the investigation of phospholipid-based mem-
branes in the presence of Ibuprofene active ingredient, being
coupled to the presence of similar stalks in the double layer ar-
rangement. With the aim to investigate about a possible similar
situation in the our system, selected GISANS scans have been
performed, most of them below the critical angle of total inter-
nal reflection of the Si/D,0 interface. In this case, eventual lat-
eral correlations are probed inside the bilayers, up to the depth
Aew Of the evanescent wave given by

1

6 Y

Due to the high integral counting needed for GISANS investiga-

Aevw =

tions, long measurement times had to be chosen, so that the
analysis was limited to the 30 mol % Benzocaine based sample.
Such analysis was carried out at several different incident angles
6. ranging from 0.020° to 0.60°, covering the region where the
two critical angles were observed in NR scans, with the aim to
gain depth resolved results. 2-D detector illustrative images at
selected incoming angles 6 of 0.099°, 0.14°, 0.24°, and 0.60°
are displayed in Fig. 8(a—d), respectively. In this range of inci-
dent angles, the biggest change in scattering distribution oc-
curred.

Analysis of images reveals that starting from low angles, a
spot located at Q,=0.1A™" and corresponding to the Bragg
peak arising from lamellar arrangement of bilayers appears. Its
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intensity increases as soon @ increases, as the penetration
depth of the evanescent wave is progressively enlarged, so that
a higher scattering of the lamellar bilayer structure is observed.
Although not appreciable when 6; <0.1° , a Debye-Scherrer ring
starts to appear at ¢ =0.14 , being indicative of an increasing
amount of disordered lamellae. i.e. bilayers having an increased
curviness with respect to the ideal situation corresponding to a
parallel alignment of the phospholipid membranes. However, it
has to be noted that the Debye-Scherrer ring does not stretch
over the whole detector, suggesting that the disordering of the
lamellar is far from being complete but rather deviates only to
a few degree from a perfect parallel ordering. Interestingly, no
reflections arising from crystalline structures inside the double
layer are detected, suggesting that the defects corresponding
to the formation of isolated stalks, not distributed according to
the existence of a lattice. Based on the NR/GISANS results, we
may point out that the presence of the stalks inside the bilayer
arrangement, the incomplete Si surface coverage with fully hy-
drated bilayers, and the not complete parallel alignment of bi-
layer with respect to the Si surface are the main sources for the
not perfect description of data by the Parratt model, i.e. the not
exact fitting of curves in Fig. 2(a).

Much more complicated appear to be the NR data obtained
for the system SoyPC/Propranolol. As mentioned in the Results
section, inclusion of Propranolol drastically changes reflectivity

trends: analysis of data reported in Fig. 2(b) reveals, differently
from what was seen for the systems in the presence of Benzo-
caine, the existence of multiple peaks. These peaks are broad
and some of them overlap partially, compelling to describe the
system in a qualitative fashion. It could be reasonable to analyze
the positions of the peaks in terms of the possible existence of
lamellae, as already seen for SoyPC/Benzocaine systems and as
normally observed for systems prepared as described in the Ex-
perimental section. 82 At this aim, peaks appearing in NR data
have been highlighted in Fig. 2(b) by regrouping their Q, values
with arrows having the same color; positions found have been
reported in Table 4, according to the grouping operated. In all
cases no more than two sets have been found. Analysis of the
positions found for the reflections shows, indeed, a quite com-
plex trend. For SoyPC system, as already described above, the
positions of the Bragg peaks are easily described, both qualita-
tively and quantitatively, in terms of a (fairly ordered) lamellar
phase composed by the repetition of several bilayers on the
support. On the other hand, for SoyPC/Propranolol systems,
even at 10% mol of the drug, the data show a richer behavior.
Concerning this lowest amount, five maxima are clearly visible:
analysis of their positions shows that they are correlated in the
Q -ratio 1:2 (or 1:2:3), being the second set (the one located at
higher Q and highlighted with grey arrows) clearly visible,
whereas the primary reflection of the first set (indicated with a
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Fig. 10 — Sketch of the structural evolution induced by addition of Propranolol. (a)
In the absence of the drug, SoyPC exhibits a lamellar structure; (b) the introduc-
tion of Propranolol induces disordering of lamellar areas, causing the presence of
ﬁowder scatterinfg of lamellae. These effects are the display of the druﬁ to induce

igh-curvature of the bilayers. In the drawing, disordered lamellae are highlighted
by black lines, for making easier their visualization.

black arrow) appears as a shoulder because of the high signal
connected to the primary peak of the second pair. Trends get
complicated for higher amounts of Propranolol. At 20% mol one
peak series is clearly visible (up to the third reflection) having
the primary maximum so high and broad to make the detection
of the primary Bragg peak at smaller Q hardly detectable. At
30% mol, this latter peak is even not visible (being its expected
position indicated with the black dashed arrow). Analysis of the
maxima positions indicates two repetition distances for 10%
and 20% mol Propranolol of 80 A and 102 A; and 101 A and 125
A, respectively. Furthermore, inspection of GISANS 2-D detector
images (Fig. 9), reveals the appearance of diffuse Debye-Scher-
rer rings around the reflections, stronger than the correspond-
ing rings observed for systems in the presence of Benzocaine.
The indications found can be ascribed to the presence, even
at the lowest amount of Propranolol investigated, of a powder
of lamellae regions in the scattering volume. Likely, the pres-
ence of a condensed ring in the molecular structure of Propran-
olol and the contemporaneous charge existing at physiological
pH induce strong disorder in the lipid bilayer arrangement: the
polycyclic moiety has less conformational freedom than the sin-
gle aromatic group present in the Benzocaine structure. It can
be argued a smaller or a nearly null capability of Propranolol to
act as “filler”, that is unable to efficiently occupy the space cre-
ated in consequence of the reduction of tilting/interdigitation
of SoyPC hydrophobic chains. Furthermore, differently to what
seen for SoyPC/Benzocaine systems, the charge existing in the
hydrophilic region increases the repulsive interactions in the hy-
drophilic region, promoting the formation of highly curved
structures. These two factors may result in the formation of the

lamellar powders, as schematically displayed in Fig. 10.

Summarizing, in the presence of Benzocaine only a very lim-
ited local disorder of lamellar arrangement (along with for-
mation of negatively curved structures inside the lamellar
phase) occurred, so that the NR data were still describable in
terms of the Parratt model. On the other hand, the presence of
Propranolol has a much stronger effect that may not be inter-
preted as a simple deviation from the perfect parallel ordering,
as also highly evidenced by NR data.

It is interesting to compare the strong perturbative effects on
the bilayer arrangement due to Propranolol addition, with the
results found by Pereira-Leite and collaborators. % The authors
investigated the interaction of Propranolol with bilayers com-
posed of egg phosphatidylcholine (EPC) and 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC). In particular, they observed
a decrease of the gel-sol transition temperature due to the pres-
ence of the drug, as well as a reduction of the order parameter
associated with the transition. These evidences are consistent
with the results found in the presence of SoyPC: a stronger dis-
order caused by Propranolol presence is connected to a less ef-
ficient packing of the double layer that results in a gel-sol tran-
sition temperature smaller than the one corresponding to the
pure phospholipid. The behavior observed for Propranolol is
found also for other drugs, although with different characteris-
tics. 64

The results obtained from NR/GISANS analysis of SoyPC bi-
layers in the presence of Benzocaine and Propranolol drugs al-
lows foreseeing what should be the characteristics of such bi-
layers in bulk conditions, i.e. in water dispersions: in these con-
ditions liposomes are formed. Unless a certain amount of me-
chanical energy is transferred to liposomes during their prepa-
ration (e.g. in the case of extrusion of aqueous suspensions) size
and characteristics of a population of liposomes are the result
of a complex balance between entropy of mixing ¢ and bilayer
curvature elasticity. 6% In the limit of large liposomes, with a
dimension much larger than the surfactant size, the curvature
energy per unit area of bilayer f. is given by %

2
+ —_
fe =2K[C1 : = —csj +Keicy (5)

being K and K the bending moduli, depending, in turn, on the

Table 4 — Peak positions determined in NR data for SoyPC/Propranolol systems. These peaks are highlighted in Fig. 2(b) with arrows of different colors, according to their possible

associations. Some of the peaks appear as a shoulder being partially masked by other reflections: in this case a sum of two Gaussian functions in the region around the maxima has
been fitted to the experimental data for evaluating the positions of peaks. Most of third reflections are very weak and their positions, even if mentioned in the text, are not susceptible

of an accurate determination and have not been reported in the Table. Not detected peaks, or weak peaks whose positions deviates from that of a lamellar arrangement are followed

by a question mark and correspond to dashed arrows in Fig. 2(b). All the found values are reported with three significant digits, according to the accuracy of the determination.

@ @ o) B) B 5
System ?Zl Q,,Zl ?11 % Qzl d:%
A A~ A” Q Q" &
SoyPC 0.0964 0.191 1.98 65.2 A
0.0790 0.158 2.00 79.5 A
()
SoyPC/Propranolol (10 mol %) 0.0618 0.124 0.187 2.01 2.99 102 A
0.0625 0.125 0.187 2.00 2.99 101 A
0,
SoyPC/Propranolol (20 mol %) 0.0466 (2) 0.101 517 135 A
> .
SoyPC/Propranolol (30 mol %) 0'0352 o;i‘zg) 1.90 8364
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elastic constants determined by the head-head and tail-tail in-
teractions. Finally, ¢; and ¢, indicate the two local curvatures,
whereas C; represents the spontaneous (i.e. minimum-energy)
radius of curvature. In case of a bilayer with relatively high cur-
vature, as appears to be for SoyPC/Propranolol system, the en-
ergy requested for hypothetically adding a further bilayer to the
liposome (i.e. for increasing the lamellarity) can overcome the
attractive interaction between bilayers: in this case, a limited
number of lamellae associated to a single liposome may be ob-
served. In the most extreme cases, unilamellar liposomes are
exhibited. What observed from NR and GISANS data, could sug-
gest the formation of oligolamellar or even unilamellar lipo-
somes for aqueous suspension prepared in the presence of Pro-
pranolol, whereas a higher number of lamellae is expected
when Benzocaine is used.

Analysis of SANS trends shows, indeed, that this is the case:
unilamellar liposomes are exclusively observed in the system
SoyPC/Propranolol, independently of the preparation method
adopted (simple sonication or extrusion), whereas multilamel-
lar liposomes are observed for SoyPC/Benzocaine sonicated
suspensions. Results obtained though the fitting of theoretical
models described in the Results section are reported in Table 2
and Table 3. For SoyPC/Benzocaine systems, multilamellar lipo-
somes with an average lamellarity of N=7 are observed: these
liposomes coexist with a small fraction of unilamellar struc-
tures. Although unilamellar liposomes would be expected to co-
exist with liposomes having a smaller lamellarity (2<N<5), it
is important to note that in the adopted model, where no poly-
dispersity for N is considered, the number of layers is generally
only approximately estimated; it determines the upturn in scat-
tering at low Q values where the total thickness of the stack is
seen. 5970 The essential bilayer characteristics obtained by anal-
ysis of NR data are retained for liposomes studied in aqueous
environment by means of SANS investigations. Values of bilayer
thickness 7 agree, as a rule, to the corresponding data ob-
tained from NR data, although they are slightly overestimated:
small discrepancies are normally present depending on the ap-
proximation degree of the model adopted for the fitting analy-
sis. In the present case, for example, a homogeneous SLD profile
has been assumed for the bilayer. More, the strong Bragg peaks
observed, give a repetition distance of the bilayer arrangement
very close to the values extracted through NR analysis.

The high curvature of bilayers produces, in SoyPC/Proprano-
lol systems, only unilamellar liposomes, even without any extru-
sion process, see Fig. 4(b). Ocular inspections of suspensions
have shown a lower turbidity if compared to the corresponding
SoyPC/Benzocaine samples, suggesting the presence of smaller
liposomes. Anyway their linear size is still too large to make the
Guinier region falling in the Q range spanned by SANS/USANS
measurements. Bilayer thicknesses appear to be comparable to
the corresponding values obtained for Benzocaine-based dis-
persions.

Analysis of the systems subjected to extrusion of the pre-
pared suspensions, shows the presence of bilayers having lat-
eral dimensions similar to those observed for simply sonicated
systems. On the other hand, characteristics of SoyPC-based lip-
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osomes are, at large scales, mainly influenced by the prepara-
tion method adopted: large liposomes (having radius
R>>500 nm ) occur when the phospholipid suspensions are
only sonicated, whereas relatively small liposomes ( R =400nm)
are produced if the aqueous suspensions are also subjected to
extrusion. Generally speaking, in the presence of extruded pro-
cesses, vesicle dimensions are often (but not always) grossly de-
termined by the pore size of the membrane used (100 nm in the
present preparation). Exceptions to this typical rule are ob-
served when elastic deformations of the liposome spheres to
ellipsoid occur during the cross of the pores. 72

Also the liposome lamellarity and the size polydispersity are
influenced by the extrusion process: for the extruded
SoyPC/Benzocaine systems, the partial tendency of the lipo-
somes to rearrange giving rise to unilamellar structures has
been observed, as proved by SANS data, even if a small residue
of the scattering still arises from mulilamellar structures. The
extrusion process is considered to be a reliable methodology to
produce unilamellar vesicles, 72 even if in some cases, because
of rearrangement phenomena, it has also been found to pro-
duce multilamellar aggregates, 7> or even more complex mor-
phologies. 74 The general trend is here fulfilled, even if the small
fraction of multilamellar aggregates suggests that a higher
amount of energy, i.e. higher number of extrusion steps, has to
be provided for a further or total reduction of the multilamellar
aggregates.

Finally, it is worthy to note that although the prepared lipo-
somes, commonly to most of natural phospholipids, result to be
metastable, their lifetime (that is of the order of months, at
least) does not have any appreciable effect on the timescale
spanned by the carried out investigations.

Conclusions

In this paper, the influence of Benzocaine and Propranolol ac-
tive ingredients on SoyPC-based bilayers has been investigated.
Despite of their small and simple chemical structure, it has been
found a marked and different effect of these two drugs: on one
side, Benzocaine induces a local high negative bending of the
bilayer membrane, a result of a better packing of phospholipid
hydrophobic chains and a closer distance between polar adja-
cent heads. Over large length scales, only a slight disorder from
a perfect parallel ordering is observed.

On the other hand, Propranolol, because of its structure and
the presence of charged heads (occurring in physiological con-
ditions), promotes the formation of highly curve bilayers. This
has been observed both in NR/GISANS investigations, where a
high disorder typical of the formation of lamellar powders ex-
ists, and in SANS experiments, where only unilamellar lipo-
somes have been observed.

It is important to recognize that the drug concentrations in-
vestigated in the present study are beyond of dosage in any
medical posology. Nonetheless, it may be argued a correlation
between the effects observed at expenses of the bilayers and
the complications due to drug high dosages, where a local ex-
cess of active ingredient is in all cases present. A possible struc-
tural modification of the bilayer may nevertheless cause a

This journal is © The Royal Society of Chemistry 20xx



change in the mobility of membrane proteins, reducing or even
inhibiting their biological function, giving rise to possible serious
cell damages. 7>

A further point to be reaffirmed concerns the necessity,
shown by results obtained, to check for eventual interactions
between the active ingredients and the phospholipid-based bi-
layer. The methodology here adopted combining NR, GISANS,
and SANS/USANS has been proven to be helpful for character-
izing, at the nanoscale, the main features of the bilayer. Integra-
tion with GINSES is desirable to integrate the structural infor-
mation with the bilayer dynamics.
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