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ARTICLE INFO ABSTRACT

Keywords: Curcumin, a plant polyphenol extracted from the Chinese herb turmeric, has gained widespread attention in
Curcumin, Cardiolipin recent years because of its multifunctional properties as antioxidant, antinflammatory, antimicrobial, and
DMPC

anticancer agent. Effects of the molecule on mitochondrial membranes properties have also been evidenced. In
this work, the interaction of curcumin with models of mitochondrial membranes composed of dimyr-
istoylphosphatidylcholine (DMPC) or mixtures of DMPC and 4 mol% tetramyristoylcardiolipin (TMCL) has been
investigated by using biophysical techniques. Spectrophotometry and fluorescence allowed to determine the
association constant and the binding energy of curcumin with pure DMPC and mixed DMPC/TMCL aqueous
bilayers. The molecular organization of pure DMPC and cardiolipin-containing Langmuir monolayers at the air-
water interface were investigated and the morphology of the monolayers transferred into mica substrates were
characterized through atomic force microscopy (AFM). It is found that curcumin associates at the polar/apolar
interface of the lipid bilayers and the binding is favored in the presence of cardiolipin. At 2 mol%, curcumin is
well miscible with lipid monolayers, particularly with mixed DMPC/TMCL ones, where compact terraces for-
mation characterized by a reduction of the surface roughness is observed in the AFM topographic images. At 10
mol%, curcumin perturbs the stability of DMPC monolayers and morphologically are evident terraces surrounded
by cur aggregates. In the presence of TMCL, very few curcumin aggregates and larger compact terraces are
observed. The overall results indicate that cardiolipin augments the incorporation of curcumin in model mem-
branes highlighting the mutual interplay cardiolipin-curcumin in mitochondrial membranes.

Lipid bilayers
Langmuir monolayers
AFM

keto-enol linker (see Fig. 1). In spite of the fact that Cur is currently
successfully administered for the treatment of different physiopathol-

1. Introduction

Curcumin (Cur), a natural polyphenol extracted from the rhizome of
Curcuma longa, is the primary bioactive component of turmeric powder
and it has a characteristic yellow color [1]. It is used in various tech-
nological fields, ranging from food industry, where it is employed as a
spice, to textile manufacturing where it acts as a pigment, from tradi-
tional medicine to pharmaceutical industry as a drug [2,3]. Over time, a
broad spectrum of health benefits joint to low toxicity has been attrib-
uted to Cur in humans, including antioxidant and anti-inflammatory as
well as antineoplastic activities [4-8].

From a chemical standpoint, Cur is a water-insoluble, lipophilic
molecule whose structure consists of two phenyl rings, substituted with
both hydroxyl and methoxyl oxide groups, connected via a seven carbon
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ogies, its use is hampered by the low solubility and rapid degradation
that make the molecule scarcely bioavailable. These limitations can be
overcome by incorporating the polyphenol in bio-carriers, which
include proteins and lipid aggregates such as monolayers, vesicles, and
micelles, thus enhancing solubility and biodistribution [9]. A number of
studies regarding the association of curcumin with lipid assemblies have
demonstrated that the molecule affects the lipid structure and dynamics
and perturbs membrane properties [10-19]. Moreover, the lipid
composition plays a key role in determining the extent of the effects
produced by curcumin on membranes. A specific lipid that interacts with
curcumin is cardiolipin (CL), a unique lipid found in the membrane of
mitochondria ([20] and references therein, [21]). In fact, effects of
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Fig. 1. Molecular structure of the lipids (A) DMPC and (B) TMCL, and of
(C) curcumin.

curcumin on mitochondrial membranes and their models have been
reported in a few recent studies [14,16,22-24]. Moreover, curcumin is
rapidly accumulated in the endoplasmic reticulum (ER) and in lyso-
somes [25], having an impact on both ER stress and mitochondria
functional pathways [24,26]. It is worth mentioning that the role of the
ER stress in several pathological conditions, such as cancer, neurode-
generative and metabolic disorders, and the potential protection effect
of curcumin against the development, or at least the slowing of the
progression of such diseases, have been suggested by various researchers
(see, e.g., [27] and references therein). For example, curcumin has been
reported to induce ER stress-associated apoptosis and/or autophagy of
many types of cancer cells through mitochondria-related events. These
latter include DNA damage, disruption of intracellular calcium homeo-
stasis, selective generation of reactive oxygen species as well as alter-
ation of the mitochondrial membrane potential, mitochondrial
dysfunction and unfolded protein response. Moreover, in the case of
lymphocytes T, which are crucial in achieving a regulated effective
immune response to pathogens, a modulation of ER stress by curcumin
has been reported to induce either cell survival or cell death in various
lymphocyte T-mediated autoimmune diseases, such as multiple sclerosis
and rheumatoid arthritis. This is due to curcumin capacity to enhance
the induction of unfolded protein response components in activated
human T cells [26]. Therefore, comparative study on the impact of Cur
on CL-free and CL-containing lipid membranes is of great interest to shed
light on the mutual influence between Cur and CL in perturbing the
membrane properties.

In this work, we present a biophysical study on the interaction of
curcumin with membrane model systems in the form of fully hydrated
bilayers and Langmuir monolayers. We aim at gain insight into the role
of CL in modulating the influence of Cur on molecular properties of the
lipid assemblies. To this end, we considered model systems of dimyr-
istoylphosphatidylcholine (DMPC) and mixtures of DMPC and low
amounts (4 mol%) of tetramyristoylcardiolipin (TMCL). DMPC is a
bilayer-forming lipid having a zwitterionic phosphocholine head group
and a hydrocarbon region of two symmetrical saturated chains with 14
carbon atoms. TMCL is a lipid having two phosphatidyl moieties joined
by one glycerol molecule: it has a relatively small anionic headgroup and
a large hydrophobic domain formed by four myristoyl chains (see
Fig. 1). This molecular architecture renders cardiolipin capable of
forming inverted hexagonal structures in isolation under certain
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conditions (for example, at low pH and in the presence of divalent cat-
ions) [28]. Mixtures of DMPC and low amount of TMCL form bilayers
[28,29] that can be considered a mimic of mitochondrial membranes of
eukarya [20]. Although the chains of CL in eukaryotic mitochondria are
primarily unsaturated, we investigated mixtures of DMPC and TMCL
with identical C14:0 chains to rule out hydrophobic mismatch in dis-
cussing our results, as CL content and fatty acyl composition differen-
tially target membrane physical properties [30].

The solvatochromic properties of curcumin in various solvents and in
DMPC and DMPC/TMCL bilayers as well as its binding constant to the
lipid membranes have been evaluated by spectrophotometry and
intrinsic fluorescence. Moreover, the interactions among the compo-
nents (i.e., lipid-lipid and lipids-Cur) have been investigated on Lang-
muir monolayers of pure DMPC and mixed DMPC/TMCL lipids, without
and with curcumin. Further, the morphology of thin films produced by
depositing the monolayers onto freshly cleaved mica substrates have
been studied with Atomic Force Microscopy (AFM). How TMCL modu-
lates the interaction of Cur with model membranes is presented and
discussed.

2. Materials and methods
2.1. Chemicals

The synthetic lipids DMPC (1,2-dimyristoyl-sn-glycero-3-phos-
phocholine) and TMCL (1',3"-bis[1,2-dimyristoyl-sn-glycero-3-phos-
pho]-glycerol) were from Avanti Polar Lipids (Birmingham, AL, USA).
Curcumin (4-hydroxy-3-(3-oxo-1-phenylbutyl)-coumarin) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s phosphate-
buffered saline (DPBS, 10 mM, pH 7.4) was from Sigma-Aldrich and
Milli-Q grade deionized water from Millipore. All the chemicals were
used as provided, without any further purification.

2.2. Spectrophotometry

UV-Vis measurements were carried out either on curcumin in
various solvents at 15 pM or on curcumin loaded at different concen-
tration in lipid bilayers of pure DMPC and mixtures of DPMC/TMCL. For
spectrophotometry and fluorescence, we considered membrane model
systems in the form of multilamellar lipid dispersions, known as lipo-
somes, and hereafter referred to as lipid bilayers. They were prepared by
using the thin film hydration method [31]. Proper amounts of the syn-
thetic lipid powders were dissolved in chloroform/methanol (2:1 v/v).
The organic solvent was evaporated first under a nitrogen gas stream
and then under vacuum overnight. The dried films were fully hydrated
at the concentration of 1.45 mM in DPBS by heating at T = 35 °C, and
periodically vortexing. Titration experiments were performed by adding
aliquots of curcumin, from 1 to 145 pM, from a stock solution (5 x 1072
M) in ethanol to preformed bilayers. The samples were loaded in a
quartz cell of 1 cm path length and left to equilibrate for 5 min at 25 °C
before measuring. For any absorption spectrum, curcumin-free sample
solution was loaded in the reference cell. In the case of lipid bilayers, the
differential recording allows to eliminate the contribution due to the
lipid scattering. UV-Vis absorption spectra were acquired over the range
250-450 nm by using a Cary 100 BioMelt spectrophotometer (Agilent
Tech, USA) equipped with a 6 x 6 Peltier thermostated cell holder
(accuracy £0.3 °C).

2.3. Fluorescence

As for spectrophotometry, steady-state fluorescence measurements
were executed on curcumin dissolved in various solvents at 15 pM or
complexed with lipid bilayers, which were prepared as described above
in paragraph 2.2. Fluorescence experiments with lipid bilayers were
performed by varying the curcumin concentration (in the range 1-46
pM) at fixed bilayers concentration (1.45 mM), to determine the
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association binding constant of the polyphenol to the lipid bilayers.
After each curcumin addition, the sample was left to equilibrate for 5
min and finally the spectrum was recorded at 25 °C. All fluorescence
data were collected on a LS 50B spectrofluorimeter (Perkin-Elmer,
Beaconsfield, UK). For the curcumin intrinsic fluorescence, the excita-
tion wavelength was fixed to 420 nm and the emission spectra recorded
over the range 400-700 nm scanned at 200 nm/min. The width of
excitation and emission slits was set at 6 and 4 nm, respectively. Each
spectrum is the average of three successive scans.

2.4. Pressure-area isotherms and compressibility on Langmuir films

Langmuir films were produced in a clean room at room temperature
by using a NIMA UK Pockels-Langmuir Trough (622 model) located
under a laminar flow hood in order to reduce surface contamination.
Surface tension measurements were carried out by means of the Wil-
helmy plate technique. The subphase used for each experiment was
Milli-Q grade deionized water.

All the compounds (lipids and curcumin) were dissolved at appro-
priate concentration in chloroform. DMPC and mixed DMPC/TMCL
monolayers without and with different molar fractions of curcumin (2 or
10 mol%) were prepared at the air-water interface according to the
Langmuir technique [32]. The appropriate amount of the compound
solutions was spread by using a microsyringe onto the aqueous sub-
phase; after the deposition, the solvent was allowed to evaporate before
beginning the compression. Symmetric compression was achieved with
two moving barriers at a constant rate of tens A2 min~!. The surface
pressure-area (n-A) isotherms were collected as a function of area/
molecule. Compression and decompression isotherms were also ac-
quired in order to check the monolayer stability and hysteresis. Infor-
mation about the rheological properties of the monolayers, as well as
information about thermodynamics and structural characteristics, has
been obtained on the basis of a two-dimensional compressibility or

compression modulus, Cg! = — A(dr/dA) where the indices T, p

Tp.n>
and n indicate the constant temperature, pressure and composition of

the monolayer, respectively [33].

2.5. Atomic force microscopy

The pure and mixed phospholipid monolayers in the absence and in
the presence of curcumin studied by AFM were prepared as described
above, in the paragraph 2.4. They were deposited at onto freshly cleaved
mica substrate, at two different surface pressures of 20 mN/m and 25
mN/m. Topographic images of Langmuir thin films were acquired by
using a Bruker Multimode 8 AFM equipped with a Nanoscope V
controller. Measurements were carried out in Peak Force mode at room
temperature, at least one day after the monolayer deposition, to allow
complete water evaporation. Silicon cantilevers (model RTESPA-300,
Burker) with 10 nm tip radius and 42 N/m elastic constant were used
to acquire the AFM images, with a scan rate of 0.7 Hz. To analyze the
images and evaluate the topographic features, both the freely distrib-
uted analysis software Gwyddion (GNU General Public License) [34]
and the Nanoscope Analysis software (Bruker) have been used.

In any given experiment, two independent measurements were
executed to test their reproducibility.

3. Results and discussion
3.1. Spectrophotometric and fluorescence measurements

3.1.1. Solvatochromic properties of curcumin in solvents and lipid bilayers

In order to investigate the association of curcumin with lipid mem-
branes and to assess its preferred anchoring region within the bilayers,
UV-vis and fluorescence spectra of curcumin when it is dissolved in
solvents with different dielectric constant (i.e., polarity) or bound to
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lipid bilayers of DMPC or DMPC +4 mol% TMCL were recorded at 25 °C.
According to previous studies, the incorporation of low TMCL content
had no major effect on the DMPC main phase transition temperature,
that is reported to occur at ca. 24 °C [29,30]. This ensures that the lipid
bilayers are in the fluid state and the presented results are not affected
by the lipid sample composition. In agreement with literature data
[13,35,36], the absorption spectrum of curcumin in DPBS (see Fig. 2 and
inset) consists of a broad band with a maximum at Ay, = 427 nm and a
shoulder at ca. 350 nm.

A progressive reduction of the bandwidth and a blue shift of Apx are
observed upon decreasing the solvent polarity. Indeed, Ay, decreases to
422 nm in ethanol, it is 419 nm in methanol and 417 nm in acetonitrile,
and the spectrum is downshifted at ca. 408 nm when the ligand is dis-
solved in the apolar solvent n-hexane. The absorption spectra of cur-
cumin show shoulders for A > Ay in methanol and to a lesser extent in
acetonitrile and at lower and higher wavelength in the case of n-hexane.
Solvent dependent absorption maxima of curcumin characterized by
blue shift in less polar solvents are reported in literature [37]. The ab-
sorption spectra of curcumin in DMPC and DMPC/TMCL bilayers display
a shape rather similar to that in ethanol or methanol with shoulders at A
> Amax (see Fig. 2 and inset).

The fluorescence spectrum of curcumin in DPBS is a structureless low
intensity peak at Aem ~ 528.5 nm; it intensifies and, in line with the
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Fig. 2. Absorption and fluorescence spectra at 25 °C of 15 pM curcumin in
(solid lines) various solvents and in (dashed lines) 1.45 mM aqueous dispersions
of lipid bilayers. Spectra are normalized at the same height. The inset shows a
zoom of the spectra in the region of maximum absorption to improve
visualization.
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UV-Vis spectra, undergoes a blue shift from ca. 525 nm in ethanol and
methanol, to ca. 506 nm in acetonitrile, and to 500 nm in acetone (see
Fig. 2). These solvatochromic shifts are in close agreement with previous
determinations [36]. It is interesting to observe from Fig. 2 that some-
what similar spectra with Ay, & 500 nm are obtained for curcumin in
DMPC and DMPC/TMCL bilayers.

The UV-Vis and fluorescence results clearly indicate that the ligand
interacts with the bilayers, anchors at the polar/apolar interfaces and
locates in the hydrophobic region of the first -CHj; acyl chain segments
in both DMPC and DMPC/TMCL matrices. The presence of TMCL favors
the association of curcumin to the lipid bilayers. Curcumin partitioning
from the polar environment of the aqueous buffer to the non-polar re-
gion of phosphocholine vesicles has been reported [38]. By using
semiempirical models of solvatochromic shifts to predict the location of
fluorophore in lipid bilayer, it has been estimated that curcumin is at
1-1.2 nm from the phospholipid/water interface, in the acyl chain re-
gion of lipid bilayer [39]. In close agreement with our results, a joint
spectrophotometric and fluorescence investigation reported that cur-
cumin is associated in the hydrocarbon zone of DPPC bilayers [35]. Also,
fluorescence quenching experiments showed that curcumin locates
preferentially in the hydrophobic acyl chain region of egg yolk phos-
phatidylcholine (EYPC), close to the glycerol group of the lipid mole-
cules [13]. Literature data report that the polar/apolar interface is the
preferred anchoring region of Cur in lipid bilayers [16,17] and indicate
that CL (from bovine heart) in biomimetic and biological mitochondrial
membranes assists Cur insertion into the bilayer core and, particularly,
in the headgroup region [16]. It is likely that, through nonspecific in-
teractions and anchored by hydrogen bonding between its hydroxyl
group and the phosphate group of DMPC, the amphipathic curcumin
accommodates into the lipid bilayers in a transmembrane orientation in
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a manner analogous to cholesterol and amphipathic peptides, as previ-
ously suggested [11,12].

3.1.2. Binding constant of curcumin to lipid bilayers

To evaluate the binding constant of the polyphenol to the lipid bi-
layers, UV-vis absorption and fluorescence spectra of lipid bilayer/
curcumin complexes have been recorded as a function of curcumin
concentration at fixed liposome concentration (see Fig. 3).

From the UV-Vis spectra in Fig. 3 — upper panel, it can be seen that,
for both DMPC and DMPC/TMCL bilayers, the absorbance increases on
increasing curcumin concentration but to a slightly different extent.
Similarly, the fluorescence intensity increases differently on titrating
curcumin on DMPC and DMPC/TMCL bilayers (Fig. 3 — lower panel).
The absorbance and fluorescence intensity increase as well as the blue
shift of the spectra indicate the binding of Cur to the lipid bilayers.

From the above data the binding constant, K,, of the drug to the lipid
bilayers can be evaluated according to the Benesi-Hildebrand equation
[13,35,40,41]:

1 1 1 1
P IAg[L}oK, [Cur] * IA€[L),

@

where P is the absorbance, A, or the fluorescence, F, at any point of
the binding process, At is the differential extinction coefficient, [ is the
optical path length, [L]y is the constant lipid concentration and [Cur] is
the curcumin concentration. The binding constants were determined
from the linear fit of the reciprocal plots of the change in A or F of the
lipid/curcumin solution as a function of curcumin concentration. The
obtained K, values are reported in Table 1 along with the free energy of
binding AG = -RTInK,.

On the whole, the K, determinations show consistency each other in
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Fig. 3. UV-Vis (upper panel) and fluorescence (lower panel) spectra of curcumin at different concentration in DMPC and in DMPC/TMCL bilayers (1.45 mM). Insets.
Double reciprocal plots of the absorbance, A, or fluorescence, F, versus curcumin concentration, and fitted lines according to eq. (1) for curcumin in DMPC and

DMPC/TMCL bilayers.
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Table 1

Binding constants, K,, and free energy of binding, AG, for curcumin to DMPC
and DMPC/TMCL bilayers derived from the linear fits according to Eq. (1) of the
UV-vis and fluorescence data reported in the insets to Fig. 3.

Bilayers UV-Vis Fluorescence

Ko10* (MY  AG (kcalM™Y)  Kp10* (MY  AG (kcal M™Y)
DMPC 0.56 =+ 0.22 —5.12+0.23 1.47 +0.48 —5.69 + 0.19
DMPC/TMCL  1.45 + 0.24 —5.68 + 0.10 3.30 + 1.62 —6.17 + 0.29

that they are always higher in the presence of cardiolipin and indicate
that curcumin has a slightly higher affinity for DMPC/TMCL than for
pure DMPC bilayers. Moreover, the K, values are comparable to those
reported for the association of small ligands and drugs to lipid assem-
blies of various compositions, including curcumin to EYPC bilayers [13]
and warfarin to neutral, anionic and cationic lipid bilayers [42]. For
comparison, it is interesting to note that the determined association
constants for curcumin-membranes are slightly lower than that found
for the binding of this ligand to carrier proteins such as albumin [35].

3.2. Surface tension and compressibility measurements on Langmuir
monolayers

Over decades, surface-tension measurements have been the main
source of information about insoluble monolayers since the study of the
(n—A) isotherms under equilibrium conditions allows not only to deter-
mine monolayer elasticity but also the equations of state. The
compressibility properties of Langmuir monolayers deduced from (n-A)
isotherms can provide information about thermodynamics and struc-
tural characteristics, such as the presence of several phase transitions, (G
- gaseous, LE - liquid expanded, LC - liquid condensed, S — solid) whose
compressibility follow the sequence G > LE > LC > S [43]. The collapse
pressure, instead, is a key parameter to test the miscibility of two or
more compounds.

(n—A) isotherms have been acquired on either DMPC or DMPC/TMCL
films in the absence and in the presence of 2 or 10 mol% of Cur. Pure
curcumin does not form stable monolayers at the air-water interface
[44]. In Figs. 4 A and B are reported the compressibility data, i.e., Cg! vs
7, of the monolayers at the working temperature.

Pure DMPC displays a LE phase, as reported in literature [45]. TMCL
is miscible with DMPC; in fact, the DMPC/TMCL monolayer collapse
pressure increases (~ 45 mN/m) and a region of LC phase is observed

300
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(see Fig. 4). The increase of the collapse pressure has been used to
indicate complete miscibility for DPPC/cardiolipin [46] and EYPC/
cardiolipin [47] monolayers at all the molar ratios investigated. The
collapse pressure increases as well when low molar concentration of
curcumin (2% mol) is added in DMPC (~47 mN/m) and even more in
DMPC/TMCL monolayers (~50 mN/m) (Fig. 4A). A quite distinct
behavior is observed in the monolayers doped with curcumin at 10 mol
%. Indeed, curcumin at this content downshifts the collapse pressure at
40 mN/m in DPMC and at 45 mN/m in DMPC/TMCL. Nevertheless, a
LE/LC transition is observed in both samples (Fig. 4B). The findings on
compressibility in Fig. 4 indicate that the addition of TMCL in DMPC
induces the formation of a more compact monolayer, in contrast with
the reported increase of the liquid expanded region and elasticity upon
adding a higher content of cardiolipin to DPPC [48]. The three
component systems show a condensing effect at low Cur molar per-
centage, i.e. Cur favors the molecular packing, whereas a reduced
overall monolayer stability is seen at high Cur molar percentage. A
condensing and stiffening effect of curcumin was previously reported on
EYPC monolayers [13] and on DPPC films [49]. This finding is in
agreement with nuclear magnetic resonance and differential scanning
calorimetry results obtained by Ramamoorthy and coworkers showing
that curcumin at low concentrations has an ordering effect on the DMPC
or DPPC membrane structure [12].

More insights on the molecular packing at the interface can be gained
by considering the fractional area/molecule variation, AA/A, that can
occur when an “addendum” X is added to a matrix film M, defined by:

(AA/A)M+X = (AM+X _AM)/AM

According to this definition, a negative AA/A value is obtained when
the area per molecule of the matrix + the addendum X, Ay x, is lower
than the area per molecule of the pure matrix, Ay. Therefore, a negative
AA/A value indicates that the addendum X is completely incorporated
or intercalated in the monolayer, while a low AA/A value indicates a
pretty well incorporation or intercalation of the addendum in the
monolayer.

Considering the pure matrices, the area per molecules of DMPC/
TMCL isotherm increases noticeably with respect to pure DMPC
((AA/A) pupe. v, &~ 40 — 45% ) (data not shown), indicating that the
lipids are arranged in monolayers at the interfaces, as occurred for DPPC
and TMCL in Langmuir monolayers [48].

In Fig. 5 we report AA/A for DMPC and DMPC/TMCL monolayers
with 2 or 10 mol% curcumin.
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Fig. 4. Compression modulus versus pressure of Langmuir films of DMPC and DMPC/TMCL with curcumin at (A) 2 mol% and (B) 10 mol%.



E. Aloi et al.
0.35
0‘30_' A ® [ApmPc+Cur2-ADMPC/ADMPC
1 ® [ADMPC+TMCL+Cur2~ADMPC+TMCLVADMPC+TMCL
0.25+
020l t 14 ¢ i
< 0157 ¥ 5 - Py
< 0101 9;,...5
0.05
0.00
-0.05-
-0.10
eyl 'iiilii,iii.ii.ii.
(I) é 1I0 115 2l0 2I5 3|0
7T (MN/m)

Biophysical Chemistry 301 (2023) 107082

0.35
0.30-] B ® [ApMmPC+Cur10-ADMPCYADMPC
0'25 4 } i } { ® [ADMPC+TMCL+Cur10~ADMPC+TMCLIADMPC+TMCL
0.20- t g
0.15 R EEN
0.10+
0_05- ® o0 00 0000000,
0.00-_
-0.05—_
—0.10—_
-0.15+
T T ¥ T 4 T i T ¥ T ¥ T v
0 5 10 15 20 25 30
7T {(MN/m)

Fig. 5. Fraction of area variation as a function of pressure of Langmuir films of DMPC and DMPC/TMCL with curcumin at (A) 2 mol% and (B)10 mol%.

At low pressure, the area variations (AA/A)pypcicus and
(AA/A)pypcscurio are = 20% and ~ 30%, respectively. The addition of
curcumin at 10 mol% probably induces a higher packing density of
molecules at air/water interface or the formation of Cur aggregates in
the monolayers, as the lowering of the collapse pressure suggests (see
Fig. 4B).

Considering the ternary systems, the (AA/A)pypc/mmcricus and
(AA/A)pypc/Tmer +curio data in Fig. 5 suggest a strong interaction among
the components. It is likely that 2 mol% of Cur are better incorporated in
the monolayer ((AA/A)pype/mmcr+curz < 0) than 10 mol% of Cur
((AA/A)pypc/mmcr-curio) > (AAJA)pvpe/mmcr+cura);  ™oTeover, by
comparing the data reported in Fig. 5, Cur at 10 mol% is better incor-
porated in cardiolipin-containing monolayers with respect to pure
DMPC. These results clearly indicate that TMCL promotes the incorpo-
ration of higher concentration of Cur in the phospholipid matrix.

2,00
1,50
1,00

3.3. Atomic force microscopy measurements

A more in-depth characterization of the interactions among lipids
and curcumin can be made by analyzing the morphology of DMPC and
DMPC/TMCL monolayers when doped with Cur. This has been done by
collecting AFM topographic images of the Langmuir films deposited on
mica at two pressures, namely 20 mN/m and 25 mN/m, quite below the
critical collapse ones. In Fig. 6 we report the topographies of pure and
doped monolayers at a pressure of 25mN/m. We observed no changes in
the topographic features for the same samples deposited at 20mN/m
(data not reported).

From the AFM images it can be observed that the addition of 2 mol%
of Cur to pure DMPC (Fig. 6 b) slightly alters the morphology of the pure
DMPC monolayer (Fig. 6a) in terms of “higher coverage” of the sub-
strate. However, Cur does not affect neither the height, h, nor the
roughness, Ry, of the monolayers that are almost comparable in the two
samples (see Table 2). A drastic change in the morphology is observed
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Fig. 6. AFM topography of Langmuir films deposited onto freshly cleaved mica at a pressure of 25 mN/m of a) DMPC; b) DMPC+ 2 mol% Curcumin; ¢) DMPC+ 10
mol% Curcumin; d) DMPC/TMCL; e) DMPC/TMCL+2 mol% Curcumin; f) DMPC/TMCL+10 mol% Curcumin. The scale bar is 2 pm.
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Table 2

Height, h, and surface roughness, Ry, for Langmuir films deposited on mica at a
pressure of 25mN/m of DMPC and DMPC/TMCL with curcumin at 2 mol% and
10 mol%.

Sample h(nm) Ry(nm)

DMPC 0.91 + 0.20 0.43 +0.10
+ 2 mol% Cur 0.84 + 0.13 0.37 +0.20
+ 10 mol% Cur 1.03 +0.23 0.66 + 0.30
DMPC/TMCL 0.77 £ 0.13 0.30 £ 0.20
+ 2 mol% Cur 0.98 + 0.12 0.25 + 0.20
+ 10 mol% Cur 1.30 + 0.80 0.45 + 0.20

when 10 mol% of curcumin is added to the pure DMPC matrix (Fig. 6¢).
Indeed, from Fig. 6¢ it can be seen that the curcumin addition gives rise
to both large and small terraces sometimes surrounded by bright spots.
These latter can be ascribed to an excess of curcumin that is not incor-
porated in the lipid matrix, as also noted from area/molecule variation
presented above. Moreover, for Fig. 6¢ the height (h = 1.03 & 0.23 nm)
and the roughness (Rq 0.66 £ 0.30 nm) of the monolayers increase if
compared with the previous ones. Similar changes in morphology due to
the presence of Cur were reported for DPPC monolayers [19]. Moreover,
curcumin concentration-dependent topography variations were also
observed for DOPC membranes: whereas low curcumin content does not
alter the global organization of the membrane, higher amount induces
structure reorganization [50].

Fig. 6d shows the topography of DMPC doped with 4 mol% of TMCL.
Looking at the morphological features, it seems that the presence of
cardiolipin stabilizes in some way the coverage of the substrate, slightly
decreasing the height and the roughness of the monolayer compared to
the pure DMPC (compare Fig. 6a and d and see Table 2). This is a
confirmation of our compressibility data that DMPC and low amount of
TMCL are well miscible in the monolayers. In agreement with our re-
sults, a reduction of terrace heights and roughness has also been shown
by AFM in various lipid monolayers upon cardiolipin inclusion [46,51].
Results obtained by Tristram-Nagle and coworkers indicated that TMCL
thickens and stiffens DMPC membranes, orders chains, and is positioned
under the umbrella of the PC headgroup [29]. Higher content of TMCL
(> 5 mol%) was found to promote the formation of areas with apposed
double bilayers or nonlamellar structures within EYPC membrane [14].

Remarkable curcumin concentration-dependent morphological fea-
tures are observed in DMPC/TMCL films. For Cur at 2 mol%, small
islands start to appear, almost not affecting neither the height or the
roughness of the monolayer (compare Fig. 6d and e and the corre-
sponding data in Table 2). For Cur at 10 mol% (Fig. 6f) large terraces
surrounded by very small ones and only few aggregates are evident as
well as a further slight increase of both the height and the roughness of
the films (compare Fig. 6e and f and the corresponding data in Table 2).
The most likely explanation of the lack of the aggregates surrounding the
terraces in DMPC/TMCL films relative to those of DMPC is that TMCL
helps the incorporation of curcumin inside the phospholipid assemblies,
resulting in an increase of the terrace area and height and in a decrease
of the roughness. The overall AFM topographic images and the h and Rq
determinations clearly indicate that Cur preferentially associates with
cardiolipin-containing monolayers; this holds especially at low content,
and it is likely that curcumin is positioned at the lipid polar-heads, as the
reduction of the roughness relative to the Cur addition to DMPC sug-
gests. Similarly, it has been found that CL (from bovine heart) promoted
the adsorption and internalization of curcumin into model and mito-
chondrial membranes, with pronounced uptake into the headgroup area
of DMPC vesicles [16].

4. Conclusions
By combining several experimental techniques, the interaction of

curcumin with model systems of mitochondrial membranes have been
investigated. Fully hydrated bilayers and monolayers at the air/water
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interface as well as supported on mica surface composed of pure DMPC
or mixtures of DMPC and 4 mol% of TMCL with identical chain length
have been considered. The most relevant results can be summarized as
follows. Curcumin associates at the first acyl chain segments of both
pure DMPC and mixed DMPC/TMCL bilayers and the free energy of
binding is more favorable in the presence of cardiolipin. Our
compressibility and AFM data provide original insight on the interaction
of curcumin with DMPC and DMPC/TMCL monolayers. DMPC lipids mix
well with TMCL. Pure and mixed monolayers are miscible with low
content (2 mol%) of curcumin which is better incorporated in the
presence of cardiolipin. Interestingly, at variance with what seen in
DMPC, the presence of cardiolipin also favors the intercalation of high
content (10 mol%) of curcumin, reducing the aggregates and inducing
the formation of compact terraces. Such an effect of cardiolipin could be
ascribed to its ability to induce membrane alterations that support the
role of CL in facilitating bilayer structure remodeling, deformation, and
permeabilization, as reported by a study on the effects of CL on various
types of lipid membranes [14]. Our findings on the interplay cardiolipin-
curcumin in affecting membrane properties have a twofold relevance.
They indicate that cardiolipin-based model membranes represent a
biocompatible platform to inglobate the water-insoluble curcumin and
contribute to the optimization of the design of efficient drug-delivery
systems to be used “in-vivo”. The results also highlight the preferential
effect of curcumin on the mitochondrial membranes, that is important
for the therapeutic role of the molecule in mitochondrial membranes
related physiopathologies.
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