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Introduction

Langmuir and Langmuir—Blodgett technologies as
nanoarchitectonic tools for the incorporation of
curcumin in membrane systemsf

ab.c

Laura Dotor, €22P€ José Miguel Garcia-Pinilla, € "€ Santiago Martin and

Pilar Cea (9 *25<

Curcumin (CCM) is a molecule of particular interest in health applications due to its wide spectrum of
benefits for humans. However, its water-insoluble character and low bioavailability have so far prevented
its extended use as a therapeutic agent. Incorporation of CCM in drug delivery vehicles (liposomes, vesi-
cles, exosomes, etc.) is expected to contribute to increasing its bioavailability. Studies of the affinity of
CCM with the components of the membrane systems of such vehicles and determination of factors that
may enhance curcumin entrapment in biological membranes are of fundamental importance. To that
end, here we take advantage of the nanoarchitectonic capabilities of the Langmuir technique for the con-
struction of model cell membranes and determination of thermodynamic properties in mixed films. The
obtained results may serve to: (i) provide some light on the miscibility of CCM with the components in the
cell membrane and (ii) determine the optimal conditions for the fabrication of membrane systems incor-
porating CCM. For that, binary and ternary mixed Langmuir films of CCM, DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine) and CHOL (cholesterol) have been prepared. Whilst binary mixtures of DPPC
and CCM exhibit poor miscibility and even phase segregation, CHOL has shown itself as a key element to
promote the incorporation of CCM in the phospholipidic membrane containing DPPC. Both the thermo-
dynamic studies of the ternary Langmuir films and the Atomic Force Microscopy (AFM) images of
Langmuir—Blodgett films have shown that ternary mixed films with a molar fraction composition of xpppc/
XcHoL/Xcem = 0.4/0.4/0.2 exhibit good miscibility, stability, and result in monolayers with a very homo-
geneous topography.

and identified as diferuloylmethane in 1910;* its chemical tau-
tomeric structure (keto and enol isomers) is shown in Fig. 1.

Curcumin is the major compound (77%) of turmeric
(Curcuma longa), which is a flowering plant of the
Zingiberaceae (ginger) family that grows in the tropics and
subtropics of Asia, especially in countries such as India,
China, Pakistan, Thailand and Indonesia," as well as in
Australia, the South Pacific and tropical regions.” From a his-
torical perspective, turmeric was named for the first time in
the book Xinxiu bencao, published in 659 A.D. and considered
as the “first pharmacopoeia in the world”.* The curcumin com-
pound was isolated from turmeric for the first time in 1815
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Curcumin has been widely employed for more than four mil-
lennia as a traditional medicine, natural dye and food condi-
ment in the abovementioned regions. Additionally, it is the
main ingredient of curry, whose use was extended in Europe
by the United Kingdom and the Netherlands, transferring the
knowledge acquired in their colonies during the 18™ century.
Currently, curcumin is commonly used worldwide as food col-
oring, flavoring agent and additive.” Thus, curcumin is an
authorized colorant in the European Union under the E100
code; curcuminoids have also been recognized in 2020 as
“GRAS” (acronym for Generally Recognized as Safe) by the FDA
(Food and Drug Administration in the United States). In
addition, curcumin is scientifically considered as a relevant
compound that deserves further investigation® for its potential
use in pharmaceutical applications due to its numerous ben-
eficial effects for humans. These include anti-carcinogenic,
antioxidant, antimicrobial, antiviral, antidepressant, anti-rheu-
matic, hepato- and nephron-protective, hypoglyceric character,
thrombosis suppressing, myocardial infarction protective, as
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Fig. 1 Chemical structure of the materials used in this contribution:
(curcumin).

well as immunomodulatory and anti-inflammatory capabili-
ties. All these recognized properties of curcumin have been
documented in a vast amount of research, which has been
gathered in comprehensive reviews."”™"° Importantly, clinical
studies in humans have proven that curcumin is generally safe
even at high daily doses of up to 12 grams with only a few
minor side-effects,”® and more recently it has been reported
that oral ingestion of curcumin is not toxic to humans up to
8 g per day for 3 months.”" All these evidences have oriented
investigators and the general public to view curcumin as a
panacea, albeit not exempt of controversial opinions,***** and
the construction of intended puns such as “curecumin”®* or
sensational titles in scientific papers such as “From kitchen to
clinic”, “From farm to pharmacy”, “Curry against Alzheimer”,
“the Indian solid gold”, “Golden spice”, “A future nano-
medicine for cancer”, “an age-old spice with modern targets”,
“too good to be true?”, “Spicing up of the immune system by
curcumin”, etc.

Despite the potential applicability of curcumin and its reco-
gnition as a pharmacodynamically fierce molecule capable of
hitting many targets at a time, no form of curcumin nor
closely related analogue compound seems to possess two of
the most relevant properties required for a good drug candi-
date, namely high water solubility and high bioavailability,
which hampers its use as a therapeutic agent. Researchers are
trying to circumvent bioavailability problems of curcumin (low
serum levels, limited tissue distribution, poor absorption,
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DPPC (dipalmitoylphosphatidylcholine), CHOL (cholesterol) and CCM

apparent rapid metabolism and short half-life) with the use of
adjuvants or absorption factors (piperidine/piperine), phos-
pholipid complexes, metal-curcumin complexes, or its encap-
sulation into cyclodextrins, nanoparticles, liposomes,
micelles, dendrimers, gels, DNA-nanostructures,
exosomes.'®?** Enhanced bioavailability of curcumin in the
near future by these media is likely to bring this promising
natural product to the forefront of therapeutic agents for treat-
ment of human diseases. Before this occurs, additional
studies are required both at a fundamental and preclinical
state. Thus, the interactions of curcumin with biological cell
membranes should be further studied for a better understand-
ing of curcumin penetration/retention by the membrane.”**®
Also, studies of the affinity of curcumin with membrane
systems (micelles, liposomes, exosomes) and elucidation of
factors that may influence curcumin entrapment efficiency
might contribute to the design of new strategies for the con-
struction of optimized drug delivery vehicles.

Because of the high complexity of in vivo studies using bio-
logical membranes,”” model cell membranes are often
employed for fundamental research.’®***> The Langmuir tech-
nique is a widely used method for the controlled arrangement
of nano-sized structural units in an intended configuration
(nanoarchitectonics), in this case, the construction of model
cell membranes; it also permits the systematic study of inter-
actions between the components in the cell membrane as well
as the interaction of such natural components with xeno-

or even

This journal is © The Royal Society of Chemistry 2023
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biotics, drugs, nanoparticles, etc.*>™*” However, and to the best
of our knowledge, a rather limited number of contributions
have been published involving Langmuir and Langmuir-
Blodgett techniques for the incorporation of curcumin (hence-
forth abbreviated as CCM) into model cell membranes. These
contributions were focused on the study of a few molar frac-
tions of CCM-DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line) binary systems,*® and mixtures of CMM and cetyl palmi-
tate (acting as a solubilizing agent of CCM) added to DOPC
(1,2-dioleoyl-sn-glycero-3-phosphatidylcholine).**  For these
reasons, in this contribution we extend this previous work in
the literature to the study of mixed Langmuir films incorporat-
ing DPPC  (1,2-dipalmitoyl-sn-glycero-3-phosphocholine),
CHOL (cholesterol: 10,13-dimethyl-17-(6-methylheptan-2-yl)-
2,3,4,7,8,9,11,12,14,15,16,17-dodecahydro-1H-cyclopenta[a]
phenanthren-3-ol) and CCM (1,7-bis-(4-hydroxy-3-methoxyphe-
nyl)-1,6-heptadiene-3,5-dion), with their chemical structures
illustrated in Fig. 1. In particular, binary and ternary mixed
Langmuir films have been prepared, and the obtained surface
pressure vs. area per molecule isotherms have been subjected
to a comprehensive thermodynamic analysis of the properties
exhibited by these mixtures. The simplified model cell mem-
brane here used (incorporating DPPC and CHOL) was chosen
for a number of reasons: (i) phospholipids incorporating
choline as a headgroup (i.e. phosphatidylcholines, PC) - as in
DPPC - are the most abundant ones in mammalian cell mem-
branes;* (ii) in particular, DPPC is the major component in
the membranes of lung cells (pulmonary alveolus to be more
specific with DPPC preventing alveolar collapse during breath-
ing by reducing the surface tension of the water layer where
gas exchange occurs);®" in addition, it presents neutral charge
and high stability;”* (iii) CHOL is a key compound in cell
membranes that modulates the fluidity and the asymmetry of
the bilayer;>* (iv) eukaryotic plasma membranes contain up to
one molecule of cholesterol for every phospholipid molecule®
(this is the reason why we will make emphasis later in the
paper in the DPPC/CHOL xpppc/Xchor = 0.5/0.5 proportion); (v)
phospholipids and sterols (including DPPC and CHOL) are
also the major elements used in liposomal preparations, i.e.,
a major understanding of curcumin miscibility and stability in
a biomimetic membrane would contribute to improve formu-
lations in liposomes incorporating CCM as a co-adjuvant of
other cargo drugs. As we will see below, whilst DPPC and CCM
exhibit phase separation and a poor miscibility, CHOL plays a
relevant role as a solubilizing agent, with DPPC/CHOL/CCM
mixtures in the Xpppc/Xchaor/Xccm = 0.4/0.4/0.2 proportion
resulting in stable Langmuir monolayers and homogeneous
Langmuir-Blodgett films.

The main novelties of this contribution rely on (i) the dem-
onstration that the interactions of CHOL with curcumin are
crucial in the case of ternary mixtures to obtain homogenous
and well-mixed films incorporating DPPC/CHOL/CCM and (ii)
the applicability of these thermodynamic studies at the air-
water interface as a useful tool to determine the optimal com-
position in model cell membranes, which may be relevant in
liposomal formulations.

This journal is © The Royal Society of Chemistry 2023
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Materials and methods
Materials

Appropriate amounts of curcumin (CCM, >99%, Sigma-
Aldrich), cholesterol (CHOL, >99%, Sigma-Aldrich) and dipal-
mitoylphosphatidylcholine (DPPC >99%, Sigma-Aldrich) were
dissolved in chloroform to prepare stock solutions of
0.01 pmol mL™, 0.1 pmol mL™" and 0.1 pmol mL™, respect-
ively. The concentration of CCM either pure or in the mixtures
was as low as 10> M to prevent the formation of three dimen-
sional aggregates; these experimental conditions resulted in
reproducible isotherms. Chloroform was purchased from
Macron Fine Chemicals (>99.8%). The binary (CCM/DPPC,
CCM/CHOL and DPPC/CHOL) and ternary systems (CCM/
DPPC/CHOL) were prepared by mixing the proper volumes of
the stock solutions to obtain the target molar fractions of the
components in the mixture.

Methods

Langmuir technique. Surface pressure vs. area per molecule
(m-A) isotherms were recorded on a pure water sub-phase
(Millipore Milli-Q purification system, resistivity 18.2 MQ cm)
using a KSV Nima KN 2003 Teflon trough (580 x 145 mm?).
The surface pressure (n) of the monolayers was determined
using a Wilhelmy paper plate pressure sensor. All the experi-
mental setup was contained in a constant temperature (20 +
1 °C) semi-clean room. A constant initial area per molecule
(1.30 nm?) was used for all the experiments: the appropriate
volume of the solutions was spread on the water surface by
using micro-syringes (Hamilton-Bonaduz from Sigma
Aldrich). The solvent was allowed to evaporate 15 minutes
before starting the compression of the monolayer, with the
trough barriers moving at a constant rate of 10 mm min™". All
isotherms were recorded at least three times to confirm their
reproducibility.

Transfer of Langmuir films to form Langmuir-Blodgett (LB)
films. Using the same experimental setup as before, selected
monolayers were transferred onto mica substrates to form one-
monolayer LB films by the withdrawal of a substrate initially
immersed in the water subphase. These LB films were sub-
sequently characterized by Atomic Force Microscopy. Mica
sheets were provided by Electron Microscopy Sciences
Company (Cat. #71851-05, sheet size 1" x 3"; 25 x 75 mm and
thickness 0.26-0.31 mm). Each mica substrate was cut by
using scissors into ca. 1 x 1 cm® pieces, which were cleaved
with adhesive tape prior to their use. The monolayers at the
air-water interface were transferred at a constant surface
pressure by the vertical dipping method (emersion). The
dipping speed was 2 mm min~". The chosen surface pressure
of transference (30 mN m™') mimics the lateral pressure in
biological membranes.

Atomic force microscopy (AFM). Topographic images of the
LB films were obtained by means of a Multimode 8 microscope
equipped with a Nanoscope V control unit from Bruker at a
scan rate of 1.0-1.2 Hz, using Tapping mode. The data were
collected using RTESPA-150 tips (nominal frequency of 150
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kHz, from Bruker) in air. The images were processed by using
Gwyddion Software. Differences in height between monolayer
domains were determined by performing section analysis and
areas percentages in segregated domains using a mask by
threshold and subsequent bearing analysis.

Results and discussion

The Langmuir technique is a widely used method for prepar-
ing model cell membranes.*” By using this methodology, inter-
molecular interactions between the membrane components as
well as between the membrane components and drugs, xeno-
biotics, nanoparticles, etc. can be determined together with
their influence on the molecular alignment. Here, the chosen
model cell membrane contains a phospholipid, namely dipal-
mitoylphosphatidylcholine, DPPC, and cholesterol, CHOL,
Fig. 1. The use of this simplified model cell membrane is
expected to provide information on (i) the miscibility of curcu-
min, CCM, with the lipids (DPPC and CHOL) in the cell mem-
brane; (ii) the stability of the membrane incorporating CCM
and (iii) the composition of the most stable ternary mixed
monolayers at 30 mN m~" in which the DPPC/CHOL pro-
portion is Xpppc/Xcuor, = 0.5/0.5. We pay particular attention to
this surface pressure, 30 mN m™ ", because, on the one hand, it
is estimated to be the biological surface pressure®*** and, on
the other hand, the transference of Xxpppc/Xcuor = 0.5/
0.5 mixed monolayers at this surface pressure is well reported
in the literature.***® DPPC/CHOL Xpppc/Xcuor, = 0.5/0.5 LB
films are highly homogeneous, which may help to discern any
change in the ternary mixtures induced by the presence of
CCM. Additionally, as indicated above, the eukaryotic plasma
membranes contain up to one molecule of cholesterol for
every phospholipid molecule.”” For these reasons, the thermo-
dynamic behaviour of Langmuir mixed films integrated by
(DPPC/CHOL), (DPPC/CCM) and (CHOL/CCM) in the whole
range of molar fractions and surface pressures has been inves-
tigated followed by a comprehensive study of the ternary mix-
tures (DPPC/CHOL/CCM) and the subsequent AFM analysis of
the LB films.

Fig. 2 shows the surface pressure-area per molecule (1-A)
isotherms and the compression modulus-surface pressure
(Ks—n) plots for the monolayers of the three pure compounds
here studied, namely DPPC, CHOL and CCM. The com-
pression modulus values (inverse of the compressibility, Cs),
K, = C;', were calculated directly from the n-A isotherm data
using eqn (1):*°

dn
K=Cl=—A(—= 1
: (dA)ptT 1)

The compression modulus is of paramount importance
since it provides information about the physical state of mono-
layers, and it is strictly associated with the packing and order-
ing of molecules at the air-water interface. The different
phases and phase transitions in the n-A isotherms can be
determined based on the Davies and Rideal classification.>®
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The liquid-expanded (LE) phase is characterized by com-
pression modulus values between 12.5 and 50 mN m™", while
the liquid condensed (LC) phase shows K values between 100
and 250 mN m™". Finally, the solid phase (S) shows K, values
above 1000 mN m™.

Single monolayers

Since DPPC and CHOL monolayers and their mixtures have
been widely reported in the literature,*®°*>%3°7% here we focus
on the discussion of CCM monolayers; albeit a summary of
the most relevant results for both DPPC and CHOL single and
mixed monolayers is included in the ESI (Fig. S1 and S4-S7+).
CCM has a large tendency for aggregation and according to
our results the isotherms are only fully reproducible when the
spreading solution has a concentration around 10> M, plus
sonication for 2 min before spreading, to prevent molecular
aggregation (which considering our trough dimensions results
in a spreading volume of 10 mL; such a volume was slowly
spread to permit the solvent evaporation and prevent surface
saturation; the spreading time was ca. 1 hour). For this reason,
the isotherms here presented were recorded under this
premise. Additionally, the mixed films were prepared employ-
ing a constant initial area per molecule of 1.30 nm” for the
mixed (binary and ternary) films. The reproducible CCM iso-
therm here presented exhibits a lift-off at ca. 0.23 nm” per
molecule. K, reaches a maximum of 83 mN m™, ie., the
monolayer remains in a liquid-expanded phase till the collapse
of the monolayer occurs at 51 mN m™". The surface behaviour
of CCM is tentatively interpreted here in terms of the chemical
structure of CCM, which is a symmetric molecule, with -OH
groups in opposite ends of the molecule. CCM is a a—f unsatu-
rated diketone (Fig. 1), so it exhibits keto-enol tautomerism®’
(the enolic form predominates both in aqueous and organic
solvents). Therefore, the high number of hydrogen bond accep-
tors and donors leads to an extensive dynamic intermolecular
hydrogen bond network and possibly also to the formation of
hydrogen bonds with water molecules on the surface. In
addition, the presence of the p-phenolic rings, may result in
intermolecular n—n stacking. On the other hand, CCM contains
a high number of rotatable bonds and lack of long alkyl
chains. All these factors together promote a high confor-
mational flexibility, and dynamic hydrogen bonding structures
that contribute to the fluidity of the monolayer. The number of
n-A isotherms reported in the literature for CCM is rather
limited.”®*®®® For instance, Karewicz et al®® reported pure
and mixed isotherms of CCM with lipid monolayers (EYPC, i.e.
phosphatidylcholine from egg yolk). The isotherm for CCM
only reached a surface pressure of ca. 10 mN m™' with K
values in the same order to the ones presented here in that
range of surface pressures. The spreading concentration is not
reported in that contribution, which is a crucial parameter
according to our observations. Additionally, Xu et al*®
reported CCM isotherms that reached a surface pressure
higher than 50 mN m™, with a profile comparable to those
shown here and also with K; values in the same order of mag-
nitude to the reported here. Xu et al.*® used a higher concen-

This journal is © The Royal Society of Chemistry 2023
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tration for the spreading solution (ca. 2.7 x 10~* M) than the
one employed here and also a mixture of CHCI;: methanol
3:1 not required in this work due to the lower concentration
of CCM in CHCIl; where it is fully miscible. Methanol could
have an influence on the hydrogen bonds between CCM mole-
cules and its solubility in water could result in partial pene-
tration on the subphase and for these reasons it was not intro-
duced in this work. These different experimental conditions
(also including different temperature and compression speed)
may explain that the CCM isotherms are not identical,
although they are comparable. However, among all the
different experimental conditions between this work and pre-
vious contributions,*®*%® the use of a very diluted solution of
CCM plus sonication is the key parameter since according to
our observations, at higher concentrations of CCM (>2 x 107>
M) non-reproducible isotherms are obtained.

The stability of the CCM monolayers at the air-water inter-
fase was evaluated in this contribution by recording the per-
centage loss of the area per molecule at a constant surface
pressure of 30 mN m™" (see Fig. S2 in the ESIf). A 15% loss in
the first hour after the target surface pressure was attained,
indicative of a certain instability which is consistent with the
fluidity of the monolayer at this surface pressure (Fig. 2).
Additionally, compression and decompression cycles for the
CCM monolayers at the air-water interface were recorded. The
n-A isotherm for the first cycle exhibits a negligible hysteresis
(Fig. S37). In the second compression cycle, the n-A isotherms
followed almost the same trajectory as in the first compression
with only a slight displace towards lower molecular areas fol-
lowed again by a negligible hysteresis. These results indicate
that no significant loss of molecules towards the subphase
occurs upon the compression process.

Binary systems

The isotherms for the three binary mixtures here studied are
shown in Fig. S11 (DPPC/CHOL) and Fig. S41 (DPPC/CCM and
CHOL/CCM). The collapse surface pressure, n.., of the mixed
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monolayers can be employed to elucidate between miscibility
and immiscibility of the components according to the Crisp
rule.®® If the components are ideally miscible, the collapse will
occur at intermediate pressures between the n., of the pure
components, being proportional to the molar fraction of the
components in the mixture, whereas if the components are
totally immiscible, the collapse will occur at the m., of the
component with the lowest n.,. In systems containing CCM,
deviations from ideality in the =, of the mixtures are
observed, which is indicative of partial miscibility between the
components (see the detailed ., values vs. composition for
the two binary systems containing CCM in Fig. S5f). In
addition, the characteristic plateau in the DPPC single mono-
layer (Fig. 2) turns into a slope change in the mixed films
(Fig. S47). Also, the phase transitions occur at higher surface
pressures for the binary mixtures incorporating CCM than for
the DPPC or CHOL single monolayers (Fig. S4t). The reason of
these observations is the clear tendency of the CCM to
decrease the K values at a given surface pressure in both the
(DPPC/CCM) and (CHOL/CCM) mixed monolayers, ie. the
monolayers become more compressible (more fluid) under the
presence of CCM (Fig. S4t). Additionally, the Ky maximum
values have also been determined for the isotherms (Fig. S57).
This is another parameter accounting for the miscibility and,
importantly, the fluidity of the mixed films, with CCM decreas-
ing the ideal Ky maximum value in DPPC and specially in the
CHOL binary mixtures.

Another criterion to evaluate the miscibility and molecular
interactions (attractive or repulsive) between the components
in the monolayer is the thermodynamic excess area of mixing,
AE, defined as:"°

AP=Apix — Aideal=Amix — inAi (2)
7

where A, is the molecular area of the experimental mixed
monolayer at the chosen surface pressure, m; 4; is the mole-
cular area of the pure components at the surface pressure n

b)  s00-
400
300-

200+

Ks (mN-m™)

1004/

0 1T
0 10 20 30 40 50 60 70
Surface pressure (mN-m™)

(a) n-A isotherms for the monolayers of CCM, DPPC and CHOL at 20 °C. (b) Ks—=n plots for the monolayers of CCM, DPPC and CHOL as

obtained from the isotherms in (a). The lines and arrows in grey are indicative of the different phases of the monolayer according to the classification

of Davies and Rideal.>®

This journal is © The Royal Society of Chemistry 2023
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and x; is the molar fraction. Excess areas inform about not
only molecular interactions but also packing of the molecules
in the mixed films (intermolecular accommodation and or de-
hydration interactions between the components in the mixed
film).”* When A® = 0, the components of the monolayer are
ideally miscible or totally immiscible, meanwhile if A® # 0 the
components are partially miscible. Negative deviations gener-
ally indicate attractive interactions between the components
and/or a more effective packing of the molecules in the mixed
films (or even formation of complexes between the com-
ponents with the subsequent associated steric effects’?), while
positive deviations are indicative of repulsive interactions and/
or a less efficient packing of the molecules in the mixed film.
The excess area values for the three binary systems (Fig. S77)
exhibit small negative deviations from ideality at high surface
pressures (30-40 mN m™"). However, the (DPPC/CCM) excess
areas at low surface pressures show positive deviations, indi-
cating either repulsive interactions between these two com-
ponents or rupture of DPPC-DPPC and/or CCM-CCM inter-
actions. Xu et al,*® in contrast with our results, showed nega-
tive deviations in the (DPPC/CCM) excess areas for the whole
range of molar fractions. We interpret such a difference in
terms of the different experimental conditions (concentration
of the spreading solution, presence of methanol as a co-
spreading solvent by Xu et al., different temperature and com-
pression speed), which may result in a different behaviour of
the mixed films at the air-water interface. As mentioned
before, the concentration of the spreading solution is the most
important parameter, which may have a significant impact on
the overall interactions in the mixed layers and thereby could
result in a different sign in the excess areas.

Additionally, the mixture of the components is also associ-
ated with the energy of the mixing process and also to the loss
of entropy upon compression as well as to the energy related
to phase transitions.”® At constant p and T, the Gibbs surface
excess energy of mixing, AGE, is defined as:”*”°

T U
AG]rEn = J Apixdr — inJ Aidrn (3)
0 ; 0

Negative values of AGE indicate strong interactions
between the components, while positive values reveal weaker
or even repulsive interactions between the components in the
mixed film in comparison with the pure compounds. The
Gibbs energy of mixing, AG,, provides further information of
the interactions between the monolayer components and stabi-
lity of mixed films. Taking into account that:”®

AGE'=RT > " xiInx; (4)
i

the Gibbs energy of mixing can be calculated as:”®
AGy = AGE + AGde! (5)

The increase in AG,, values for the (DPPC/CCM) mixtures
as the surface pressure increases reaching positive AG,, values
(Fig. S77) at high surface pressures together with the presence
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of two minima in the AG, vs. xpppc graph is indicative of
unstable films exhibiting a poor miscibility between the com-
ponents and phase segregation.”®”>”” This result is in good
agreement with previous contributions indicating that the
insertion of CCM in lipid bilayers is a high energetic process.”®
CCM is a highly conjugated structure which may weaken
hydrophobic interactions among alkyl chains in DPPC. In con-
trast, the (CHOL/CCM) mixtures exhibit negative AG,, values
for the whole range of molar ratios (minimum at xcoym = 0.6
and 0.8). These results are indicative of stable (CHOL/CCM)
monolayers.

In conclusion, the above results indicate that the three
binary mixtures (DDPC/CHOL), (DPPC/CCM) and (CHOL/
CCM), exhibit a partial miscibility in the mixed Langmuir
monolayers. CCM induces a fluidization of the mixed (DPPC/
CCM) with the emergence of repulsive forces between the two
molecules and phase segregation. Importantly, the (CHOL/
CCM) binary mixture results in stable monolayers exhibiting
attractive interactions between the components. This result
suggests that CHOL may serve as a material of interest in
membrane systems for the incorporation of CCM in the phos-
pholipid matrix. Therefore, we will now consider the ternary
mixtures of the three components to confirm this hypothesis.

Ternary system

A detailed study of (CCM/DPPC/CHOL) ternary systems was
performed by recording the surface-pressure vs. area per mole-
cule. In particular, 70 mixtures with different molar ratios of
these components (Fig. S81) were studied. The isotherms
corresponding to the monolayers of these 70 mixtures were
recorded (Fig. S91) and from them, 4" (Fig. 3), K; (Fig. 4), AGE,
(Fig. S101) and AG® (Fig. 5) were determined at different
surface pressures.

At surface pressures up to 15 mN m™" the addition of CCM
to the (DPPC/CHOL) mixture in the low CHOL ratio region
results in positive excess areas (green areas in Fig. 3), ie. the
addition of CCM results in an increase of the area per mole-
cule with respect to the ideal one, which is indicative of repul-
sive interactions between the components, that is, the addition
of CCM possibly breaks DPPC-DPPC and DPPC-CHOL inter-
actions. These repulsive interactions reach their maximum at
Xpppc/¥chon/Xcom = 0.05/0.05/0.9 (A" = 0.43 nm® per molecule
at 5 mN m™"). As the surface pressure increases the excess area
values decrease, with mixed monolayers showing negligible
deviations from the additivity rule at surface pressures higher
than 30 mN m™" (dark blue areas) and even slightly negative
deviations at 40 mN m™" (purple areas). The addition of CCM
to the (DPPC/CHOL) mixtures for larger CHOL ratios exhibits a
similar trend although the excess area values are lower for the
whole range of surface pressures. The minimum excess area
value (4% = —0.04 nm?*per molecule) is obtained for xpppc/
Xcuor/Xcem = 0.4/0.2/0.4 and for xXpppc/Xcaor/Xcom = 0.1/0.2/0.7
at 40 mN m™". This observation, A" decreasing with increasing
surface pressure, is indicative of less repulsive interactions
between the components as the monolayers are compressed.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 shows K values versus film composition. At low
surface pressures (5-15 mN m™') the ternary mixed films
having xchor, < 0.5 and xpppc > 0.5 (purple regions) are in a LE
phase; as the molar fraction of CHOL increases, a LE-LC tran-
sition phase (dark blue regions) and LC phase (light blue
regions) are observable in the ternary diagrams. These results
indicate that CHOL has a condensing effect in the ternary mix-
tures. At intermediate surface pressures (15-20 mN m™'), K
values increase in the regions rich in CHOL, especially in the
low molar fraction of CCM (yellow and green regions). In
monolayers at high surface pressures (30-40 mN m™"), the LE
phase is only observable in regions with a very high content of

This journal is © The Royal Society of Chemistry 2023

CCM whilst as the molar fraction of CCM decreases the phases
are more condensed until they reach the LC-S transition phase
(orange and red regions). At 40 mN m™~" the more condensed
monolayers correspond to the Xpppc/Xcror/Xcem = 0.4/0.5/0.1
(Ks =338 mN m™" at 40 mN m™ ") and 0.5/0.4/0.1 (K = 331 mN
m™" at 40 mN m™"), while the more fluid monolayers are those
with Xpppc/Xcuor/Xcem = 0.05/0.05/0.9 (K; = 16 mN m™ " at
15mN m " and K, =20 mN m™" at 20 mN m ™).

In good agreement with the observations for the A¥, the
regions rich in DPPC and low in CHOL exhibit positive AGE,
values for the whole range of CCM molar fractions, with par-
ticularly high AGE, values for high CCM molar fractions

Nanoscale, 2023, 15, 2891-2903 | 2897
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(Fig. S107). In contrast, regions with xcyop, above 0.5 exhibit
negative AGE values, which is indicative of a good miscibility
between the components. In the ternary mixtures (DPPC/
CHOL/CCM) the Gibbs energy of mixing shows practically
negative values for all molar ratios, with a few exceptions that
remarkably include the regions rich in CCM and DPPC but
poor in CHOL; in good agreement with the observations
obtained for the binary systems, which confirms the hypoth-
esis that CHOL acts as a key component to promote the misci-
bility and stability in membranes containing DPPC and CCM.

Additionally, the central region in the ternary diagram
(ratios in the proximity of the xpppc/*chon/Xcem = 0.33/0.33/
0.33) exhibits negative AG,, values (Fig. 5). These results indi-
cate that the stability of the mixed monolayers is higher than
that of the pure compounds for most of the DPPC/CHOL/CCM
molar fractions and in particular for the xpppc/Xcrorn/Xcem =
0.33/0.33/0.33 and close values, with the lowest AG, (and con-
sequently, higher stability of the mixed film) obtained at a
surface pressure of 40 mN m™" and Xpppc/XcaoL/Xcem = 0.2/
0.4/0.4 (AGy, = —=3412 J mol™) and Xpppc/Xcror/Xcem = 0.3/0.5/
0.2 (AGm = —3292 ] mol™). On the contrary, the less stable
ternary monolayers are Xpppc/Xcaor/Xcem = 0.05/0.05/0.9 (AGp,
= 4123 ] mol™" at 40 mN m™"), i.e., at high surface pressures
and high CCM ratios.

As already mentioned, eukaryotic plasma membranes
contain up to one molecule of cholesterol per every phospholi-
pid molecule. In order to understand CCM interactions with a
model that resembles the cell membrane, we analyse in detail
the regions with DPPC/CHOL maintaining a Xpppc/Xcror = 0.5/
0.5 proportion between these two components, as indicated
for clarifying purposes in Fig. S11.1 In Table S.I} the thermo-
dynamic parameters (4%, AGE, AG,, and K;) are presented for
the mixtures in which the ratio between DPPC and CHOL is

2898 | Nanoscale, 2023, 15, 2891-2903

maintained constant and in the 1/1 proportion, whilst variable
amounts of CCM are added. Taking into account that the
surface pressure equivalent to biological conditions is ca.
30 mN m™*, the most favoured interactions between the com-
ponents are present in the monolayer with Xpppc/Xcror/Xcom =
0.4/0.4/0.2. Thus, for this molar fraction of CCM, the mono-
layers exhibit minimum A* value (4 = —0.02 nm? per mole-
cule), minimum excess Gibbs energy of mixture and Gibbs
energy of mixture values (AGE = —146 ] mol ™" and AG,, =
—2735 ] mol™") as well as maximum K; value (K; = 257 mN
m™"), which is indicative of attractive interactions between the
molecules, resulting in a condensed phase. Another relevant
observation from Table S.I.t is the opposite sign in thermo-
dynamic parameters of the mixed layers at 30 mN m™" for the
monolayers containing CCM molar fractions in the 0.4 to 0.8
range, with the excess area values being negative while the
excess Gibbs free energy values being positive. Very often the
sign of A® and AGE, is the same, but we note at this point that
the excess Gibbs free energy is a complex quantity that reflects
not only the energy balance between intermolecular inter-
actions and the loss of entropy upon the compression but also
the energy related to transitions (including bidimensional
phase transitions,®>”° phase segregation phenomena,®®
complex formation,”” and also 3D interfacial transitions”
such as aggregation and disaggregation effects®'). Here the
observation of negative excess areas for the CCM molar frac-
tions in the 0.4 to 0.8 range and positive AGE, is tentatively
interpreted in terms of CCM segregation phenomena out of
the monolayer towards the formation of thicker domains,
adding instability to the film, as it will be confirmed later with
the AFM images.

Additionally, Brewster Angle Microscopy images of selected
compositions have been included in the ESI (Fig. S127). These

This journal is © The Royal Society of Chemistry 2023
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images support the main conclusions inferred from the
thermodynamic studies with homogeneous monolayers at the
air water interfase for the Xpppc/Xcuor/Xcom = 0.4/0.4/0.2.

In order to get additional information about the miscibility,
phase segregation and homogeneity of these mixed films, AFM
studies were performed on selected binary and ternary mixed
films transferred at 30 mN m ™" onto mica substrates (upstroke
process, which means that the hydrophilic part of the film is
in contact with the mica and the hydrophobic part is outside).
The transfer ratio values are provided in Table S.ILf Fig. 6
shows representative AFM images of the pure and mixed LB
films. Both pure DPPC and CHOL monolayers form very homo-
geneous films onto mica. In contrast, the CCM monolayer
shows regions of different height, being this height difference
of (1.2 £ 0.2 nm) and the projection of the highest areas repre-
senting a ca. 72% of the total surface (see Fig. S13t). Taking
into account that CCM at 30 mN m™" is in a fluid phase with a
K, value of 80 mN m™, the observed topography is consistent
with the presence of domains of CCM with different orien-
tation on the surface. Regarding the binary mixtures, xpppc/
Xcnor = 0.5/0.5 mixed LB films are very homogeneous in good
agreement with previous observations.”® This result indicates
miscibility of the two components at this ratio. In contrast, the

Xoppc! Xeem
0.5/0.5

Xpppc/ XcroL
0.5/0.5

XDPPC/xCHOL/XCCM
0.1/0.1/0.8
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Xpppc/Xcem = 0.5/0.5 mixed films exhibit a non-homogeneous
topography with clearly visible domains with a height differ-
ence of 0.6 + 0.1 nm, with 53% of the film surface being com-
posed of the higher domains (Fig. S147). This observation may
suggest some kind of phase segregation. This hypothesis is
supported by the difference in height between the DPPC mole-
cule (2.4 + 0.1, Fig. (1)) and the CCM molecule in a fully
extended conformation (1.7 nm as determined from molecular
models, Spartan 08V1.0.0), which results in a difference of (0.7
+ 0.1 nm), i.e., similar to the observed 0.6 + 0.1 nm value. This
result is in good agreement with the poor miscibility and stabi-
lity of the Xpppc/Xcom = 0.5/0.5 Langmuir films as described
above, which may result in a large degree of phase separation.
On the contrary, the Xcporn/Xcem = 0.5/0.5 LB film exhibits a
very homogeneous surface indicative of a good miscibility
between the components in this mixing ratio, which is in good
agreement with the excess thermodynamic properties obtained
at the air-water interface. Interestingly, the ternary xpppc/
Xcror/Xcem = 0.4/0.4/0.2 LB films transferred at 30 mN m™‘are
also very homogeneous. This result is indicative of a good mis-
cibility between the three components at this molar ratio as
well as the presence of a single and quite compact phase as
corresponds with a K value of 257 mN m™'. Other Xpppc/

Xcno/Xeem
0.5/0.5

Fig. 6 2 x 2 um?AFM images for LB films transferred at 30 mN m~* for pure compounds and for mixed films at the indicated ratios.
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Xcnor/Xcem molar ratios have been explored resulting in much
less homogeneous films; for instance, Xpppc/Xcror/Xcom = 0.1/
0.1/0.8 LB films show an inhomogeneous morphology with
aggregated structures (Fig. 6) or Xpppc/Xcror/Xcem = 0.33/0.33/
0.33 LB films exhibiting domains with a height difference over
the mica substrate in the 3-4 nm (Fig. S151). This is indicative
of the expulsion of some molecules out of the film and either
multilayer formation of these segregated regions or formation
of complexes, which is consistent with the positive AGE, values
obtained for this ternary mixture.

Conclusions

In this contribution, mixed binary Langmuir films of CCM
with either DPPC or CHOL, as well as ternary (DPPC/CHOL/
CCM) Langmuir films have been studied. At low surface press-
ures the addition of CCM to DPPC results in an expansion of
the monolayers with respect to ideality, possibly due to
rupture of hydrogen bonds in the intermolecular hydrogen
bond network in CCM. At high surface pressures (>30 mN
m™") such deviations become nearly negligible, which is attrib-
uted here to phase segregation, as the surface density
increases. In addition, CCM induces a significant decrease in
the K, values in mixed (DPPC/CCM) monolayers in the whole
range of surface pressures, ie., such monolayers are more
fluid which is indicative of disruption in the ordering of the
alkyl chains of DPPC. At surface pressures above 30 mN m™"
the values of the Gibbs energy of mixing for the (DPPC/CCM)
binary system are close to zero or even positive which indicates
that these monolayers are not stable. All these data together
indicate that the addition of CCM to the DPPC alters the order-
ing and stability of the monolayer. CCM impedes lateral van
der Waals interactions between the alkyl chains of neighbour-
ing DPPC molecules, increasing the fluidity and decreasing
film stability, which may also be accompanied by some phase
segregation between the two components. These conclusions
obtained for Langmuir films are further corroborated by the AFM
studies on LB films transferred at 30 mN m™, which show that
Xpppc/Xcem = 0.5/0.5 monolayers are non-homogeneous and
point out to some phase segregation with the presence of
domains whose height difference is in good agreement with the
height difference between the two molecules. On the contrary,
the addition of CCM to CHOL results in a condensation effect of
the monolayers (except in the low CCM molar fractions, xcom <
0.2 where there is a small expansion effect). This observation
together with the significant negative values obtained for the
Gibbs energy of mixing indicate a good miscibility of these two
compounds, which is accompanied by the presence of attractive
interactions between CCM and CHOL and stable mixed mono-
layers with a minimum Gibbs energy of mixing at xccm = 0.6.
The addition of CCM to the CHOL monolayer also results in a
fluidization of the Langmuir film. The AFM images of Xcpor/
Xcom = 0.5/0.5 mixed LB films transferred at 30 mN m™" evidence
the formation of a homogeneous layer on the mica substrate and
therefore no evidences of phase separation.
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View Article Online

Nanoscale

Ternary mixtures incorporating CCM, DPPC and CHOL
have also been thoroughly analysed. At low surface pressures
and low CHOL molar fractions repulsive interactions between
DPPC and CCM are evident. At high surface pressures (>30 mN
m™") the monolayers exhibit good stability (negative Gibbs
energies of mixture), particularly in the central region of the
ternary diagram. CCM also induces a general fluidization of
the mixed Langmuir films, which is particularly relevant in the
high xcem and low xcpor, regions. In general terms, the pres-
ence of CHOL in the film is mandatory to provide stability to
the ternary mixture. Importantly, for mixed films in which the
Xpppc/Xcuor = 0.5/0.5 ratio is kept constant and considering a
surface pressure of 30 mN m™, i.e. a model that resembles the
eukaryotic cell membrane, the more stable monolayers
(minimum AG,, values) are obtained for xccy = 0.2, for which
K, also reaches a maximum value of 257 mN m~" (monolayer
in a solid phase). Finally, the AFM images of Xpppc/Xcuor/Xcem
= 0.4/0.4/0.2 LB films indicate that highly homogenous LB
monolayers are obtained for this ternary mixture. Therefore,
the conclusions obtained from this study may be of interest
for introducing curcumin into lipid membranes and transport-
ing it into living cells. Further investigations of the reported
Xpppc/Xcuor/Xcem = 0.4/0.4/0.2 membrane system are being
carried out in our laboratories to prepare vesicles containing
relevant drugs within the inner core and CCM as a co-adjuvant
incorporated in the external membrane.

In addition, most studies aimed at producing novel liposo-
mal formulations use the trial-and-error method. Therefore, a
rational design of lipid formulations to develop liposomes for
drug administration is of current interest, which is especially
important for water-based medications that are not soluble.
For these reasons, the strategy presented in this contribution -
based on the thermodynamic stability and structure of the
lipid mixtures - could be extended to other drugs and can con-
tribute to diminishing the required experimentation for liposo-
mal formulations.
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