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Curcumin is a natural yellow spice commonly used in Eastern 
kitchens and traditional medicines1,2 due to its antioxidant, anti­
carcinogenic, antimutagenic and antiinflammatory properties. 
It  is believed that curcumin, like cholesterol, acts on a basic 
biological level such as biomembranes by changing the physical 
properties of a membrane rather than by directly binding to 
membrane proteins.3 Cholesterol is an essential component of 
mammalian cell membranes, which can be embedded in the 
hydrophobic part of the membrane with its hydroxyl group 
interacting with the polar head groups of membrane phospholipids 
and sphingolipids.4,5 Cholesterol increases membrane packing and 
ordering in a liquid crystalline phase.6–8 Consequently, membrane 
fluidity gradually decreases with the concentration of cholesterol, 
as detected by measuring the lateral diffusion of phospholipids 
and sphingolipids.9–11 In this work, we examined the combined 
effect of both curcumin and cholesterol on lipid lateral diffusion 
coefficient (DL), reflecting a more biologically relevant condition 
compared to those of previous studies.

Figure 1 shows the structures of cholesterol, DMPC and 
curcumin. Glass-plate-oriented lipid multibilayers were prepared 
following a previously described procedure.9,12 The amount of 
DMPC in each sample was 15 mg, while cholesterol and curcumin 
concentrations were varied to 33 and 10 mol%, respectively.† This 
range of concentrations was chosen because of a high solubility 
of cholesterol (~66 mol%13) and a relatively low solubility of 
curcumin (~10 mol%14). To prepare the test sample, a solution 
of  DMPC in ethanol with an amount of cholesterol and cur­
cumin was deposited (25 ml) on approximately 40 glass plates 
(5×14×0.08 mm). The solvent was evaporated in air and then in 
a vacuum overnight. The plates were stacked, placed in square, 
cross-sectioned tubes and hydrated in a humid atmosphere (D2O) 
at 35 °C for five days. The degree of hydration of about 23 wt% 
was controlled by weighing the samples. The process of multi-
bilayer formation was confirmed by the 1H NMR spectrum‡ of 
the sample oriented at a magic angle of 54.7°.15 The final amount 

of water (45 wt%) was adjusted through a piece of filter paper 
placed on top of the glass stack. Afterward, the sample was sealed. 

The NMR diffusion measurements in oriented lipid membranes 
were described in detail elsewhere.9 An NMR goniometer probe 
was used to orient macroscopically aligned bilayers with the lipid 
bilayer normal at a magic angle (54.7°) with respect to the main 
magnetic field (Cryomagnet system).15 For all measurements, a 
stimulated echo pulse sequence was used.16 Diffusion decays 
A(k) were obtained, where A(k) is the spectrum integral, k = 
= g2 d2 g2 td, g is the 1H gyromagnetic ratio, d is the duration, g is 
the amplitude of the gradient pulse, td = (D – d/3) is the diffusion 
time, and D is the duration between identical gradient pulses. 

The formation of plain-oriented multi-bilayers in all of the 
DMPC/cholesterol/curcumin test samples was confirmed by 
resolved 1H NMR spectra when the bilayers were oriented by 
their normal at the magic angle at temperatures higher than the 
main gel-to-liquid phase temperature of DMPC. As the magic 
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Lateral diffusion in dimyristoylphosphatidylcholine lipid 
bilayers decreases in the presence of cholesterol and 
curcumin, as measured by 1H NMR spectroscopy, but the 
mechanisms of action of these two compounds are different. 
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†	 Commercial DMPC from Avanti Polar Lipids and curcumin (> 94% 
curcuminoid, > 80% curcumin) and deuterated water (99.7% D2O) from 
Sigma were used.
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Figure  1  Molecular structures of (a) cholesterol, (b) DMPC and (c) cur­
cumin (keto form).

‡	 A Chemagnetic InfinityPlus CMX-360 NMR spectrometer (Agilent) 
operating at a frequency of 360 MHz was used.
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angle of the sample orientation qLD deviates by more than 3° from 
54.7°, the spin-echo and stimulated echo signals diminished to 
zero. Therefore, no signs of non-lamellar (hexagonal or cubic) 
phases were observed. Additionally, we demonstrated that the  
31P NMR spectra have shapes typical of the lamellar phase of 
lipids. 

Diffusion decays of the 1H NMR stimulated-echo for all 
bilayers of DMPC/cholesterol/curcumin were exponential, similar 
to the bilayers of DMPC, DMPC/cholesterol and DMPC/cur­
cumin.9,14,17 The slopes of semilogarithmic plots were inde­
pendent of diffusion time, demonstrating a homogeneity of the 
translational mobility in the bilayers in the time-scale of these 
diffusion experiments (td > 100 ms). These decays were analyzed, 
and the calculated values of DL, alongside the lateral diffusion 
coefficients of DMPC, DMPC/cholesterol and DMPC/curcumin 
bilayers, are shown in Figure 2. 

Figure 2 indicates that an increase in the cholesterol con­
centration from 0 to 33 mol% in DMPC bilayers leads to a 
monotonic decrease in the DL of DMPC across the entire range 
of concentrations.9,17 This is related to the compressibility of the 
lipid bilayer. A decrease in the lateral diffusion coefficient of 
lipids in the presence of cholesterol has been described in terms 
of the molecular free-volumes:18 cholesterol condenses a lipid 
membrane by decreasing free volumes of lipids, ordering lipid 
chains and decreasing the probability of molecular jumps between 
the equilibrium states of molecules in a membrane matrix. The 
presence of curcumin also diminishes the DL of DMPC at con­
centrations up to 10 mol% (Figure 2).14 Similarities in the 
actions of curcumin and cholesterol on biomembranes have been 
suggested in biochemical studies.19–21 It has been suggested 
that curcumin inserts deep into the membrane in a transbilayer 
orientation, anchored through the hydrogen bonding of the 
phenolic OH groups of curcumin to the phosphate group of the 
lipids and the hydrophobic interaction of the aromatic rings of 
curcumin with the phospholipid acyl chains in a manner analogous 
to cholesterol. Like cholesterol, curcumin binds DMPC in a trans­
bilayer orientation at low concentrations and induces segmental 
ordering in the lipid membrane.22 According to that idea, the 
addition of curcumin to the DMPC/cholesterol membrane should 
further compress the membrane and further decrease DL, which is 
not in agreement with our experimental data. Another suggestion 
is that curcumin interacts mainly with a lipid interface (lipid–
water interface) near the lipid headgroup (glycerol) region.23–25 
It was confirmed by an elimination of the pre-transition with 
increased curcumin concentration in DMPC and DPPC bilayers21 
and a much weaker overall effect of curcumin on DL and quadru­
polar 2H NMR splitting of DMPC bilayers.14 Indeed, the interac­
tion of cholesterol with DMPC alkyl chains occurs in the whole 

extension of the chains; therefore, it is rather strong. Insertion of 
curcumin in lipid bilayers is a high energetic process in com­
parison with the adsorption of curcumin on the lipid surface, 
even in bilayers without cholesterol;19,20 therefore, in more tightly 
packed DMPC/cholesterol membranes, it should take even more 
energy and become less probable.

The overwhelming effect of cholesterol over curcumin probably 
has biological significance. Indeed, if curcumin and other phenolic 
drugs only slightly modulate the biological membrane surface 
(or just the properties of the membrane surface), this may not 
disturb the structure and essential functions of living cells. 

Curcumin at concentrations to 10 mol% slightly decreases the 
lateral diffusion of phospholipids in bilayers without cholesterol, 
but in the presence of 5–33 mol% cholesterol in dimyristoyl­
phosphatidylcholine bilayers, the effect of curcumin is very small 
because in direct competition to insert into the DMPC lipid 
bilayer during bilayer formation from an initially homogeneous 
mixture, cholesterol overwhelmingly wins and consequently 
inhibits the insertion of curcumin. 

We are grateful to the Kempe Foundation, which provided 
a  grant for the purchase of NMR equipment at LTU. NMR 
measurements were partly carried out on the equipment of 
the  Federal Centre of Collective Facilities of Kazan Federal 
University.
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Figure  2  Arrhenius plots of the lateral diffusion coefficients for DMPC/
cholesterol/curcumin bilayers. Data for bilayers of DMPC (squares, solid 
line),9,10,14 DMPC/cholesterol (dotted lines and legends),9,10 DMPC/cur­
cumin at 7 mol% of curcumin (red circles)14 are shown for comparison. The 
measurement errors do not exceed the height of the symbols used.


