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Abstract
In this work, we compared the effects of curcumin and cholesterol directly compet-
ing to insert into the DMPC lipid bilayer during bilayer formation from an initially 
non-ordered state. 2H and 14N nuclear magnetic resonance  spectroscopy showed 
that curcumin is not embedded deep in the lipid bilayer and interacts mainly with 
the head group of the lipid. In a more complex system of DMPC/CHOL/CUR, cur-
cumin amplifies the effect of cholesterol on the ordering of lipid acyl chains.

1 Introduction

Cholesterol (CHOL) is an essential component of mammalian cell membranes. It is 
embedded in the hydrophobic part of the membrane with its hydroxyl group inter-
acting with the polar head groups of the membrane phospholipids and sphingolip-
ids [1, 2]. One of the most significant biological properties of CHOL is its ability 
to increase membrane packing and ordering in the liquid crystalline phase [3–5]. 
According to measurements of lateral diffusion coefficients of phospholipids and 
sphingolipids, it has been determined that membrane fluidity decreases as the con-
centration of CHOL increases [6, 7]. Fluorescent microscopy and 2H nuclear mag-
netic resonance (NMR) have shown that CHOL also introduces the liquid ordered 
phase [8–10].

Curcumin (CUR) is a natural component of the spice Curcuma longa. It is 
used in the kitchen and actively used in traditional Indian medicine [11, 12]. CUR 

Applied
Magnetic Resonance

Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s0072 
3-018-1102-2) contains supplementary material, which is available to authorized users.

 * Andrei V. Filippov 
 Andrei.Filippov@ltu.se

1 Institute of Physics, Kazan Federal University, 420008 Kazan, Russia
2 Chemistry of Interfaces, Luleå University of Technology, 91187 Luleå, Sweden
3 Kazan State Medical University, 420012 Kazan, Russia

http://crossmark.crossref.org/dialog/?doi=10.1007/s00723-018-1102-2&domain=pdf
https://doi.org/10.1007/s00723-018-1102-2
https://doi.org/10.1007/s00723-018-1102-2


512 S. A. Kotenkov et al.

1 3

and its derivatives have anti-oxidant, anti-carcinogenic, anti-mutagenic, anti-
inflammatory and anti-fungal properties [13–15]. CUR has shown prophylactic 
and therapeutic capacity for neurodegenerative diseases such as Alzheimer´s and 
Parkinson´s, which has been attributed to the compound’s interaction with amy-
loid fibrils [16–18], as well as oligomers and protofibrils [16]. Because of its wide 
spectrum of pharmacological properties, CUR, such as cholesterol, has been pro-
posed to act on a rather basic biological level, such as on biomembranes. It has 
been proposed that CUR can regulate the action of membrane proteins indirectly 
by changing the physical properties of the membrane rather than by directly bind-
ing to the proteins [19].

Similarities of CUR and CHOL activity on biomembranes have been suggested 
in a number of biochemical studies. CUR molecules initially bind to the mem-
brane interface and then at higher concentrations gradually partition to insert into 
the hydrocarbon region, which has been detected by the binding of CUR with 
giant unilamellar vesicles [20]. X-ray diffraction experiments have shown that the 
thickness of DOPC bilayers decreases as a function of the lipid/CUR ratio [21]. 
Solid-state NMR on magnetically aligned bicelles of DMPC and DSC on bilayers 
of DMPC and DPPC have shown CUR has a strong effect on membrane structure 
at low concentrations [22]. CUR inserts deep into the membrane in a transbilayer 
orientation, anchored through the hydrogen bonding of –OH groups of phenolic 
rings of CUR to the phosphate group of lipids and the hydrophobic interaction of 
the aromatic rings of CUR with phospholipid acyl chains in a manner analogous 
to that of cholesterol. Like CHOL, CUR binds DMPC in a transbilayer orientation 
at low concentrations and induces segmental ordering in the lipid membrane [23]. 
CUR forms higher order oligomeric structures in the membrane that likely span 
through the bilayer, detected by analysis of the concentration dependence of the 
order parameter profile derived from NMR results. The apparent abolition of the 
pretransition with increase in CUR concentration in DMPC and DPPC implies 
that CUR interacts with the PC head groups [23].

Recently, lateral diffusion on planar lipid multibilayers and ordering of lipids 
on multibilayered vesicles have been studied by 1H and 2H NMR of DOPC and 
DMPC at concentrations of CUR varied in the range of 0–40 mol% [24]. It has 
been shown that the presence of CUR in low concentrations (~ 8 mol%) leads to a 
moderate decrease in the lateral diffusion coefficients of both saturated and unsat-
urated lipids, while a further increase in CUR concentration has no effect because 
of the low solubility of CUR in lipid bilayers. The effect of CUR on 2H NMR 
quadrupolar splitting is also very small in comparison with that of CHOL. While 
CUR has a strong effect on the lateral diffusion of DMPC, the same as in DMPC/
CHOL membranes, there is no visible effect of CUR in the presence of CHOL. 
Therefore, in direct competition to insert into the DMPC lipid bilayer during for-
mation of the bilayer from an initially homogeneous mixture, CHOL overwhelm-
ingly wins and consequently inhibits insertion of curcumin [25].

Despite wide interest in CUR–membrane interactions, studies of the effect of 
CUR on cholesterol-containing membranes are lacking. In this work, we studied 
the combined effect of both CUR and CHOL on a lipid bilayer, using 2H and 14N 
NMR as methods to study ordering of lipid membranes.



513

1 3

Effect of Cholesterol and Curcumin on Ordering of DMPC Bilayers  

2  Materials and Methods

2.1  Sample Preparation

Phospholipids DMPC (dimyristoylphosphatidylcholine) and DMPC with deuterated 
hydrocarbon chains (DMPC-d54) were purchased from Avanti Polar Lipids. DMPC 
is the typical saturated-chain lipid, commonly used to prepare model lipid bilayers. 
Curcumin (> 94% curcuminoid content, > 80% CUR) and cholesterol (5-cholesten-
3β-ol) were purchased from Sigma. Structures of DMPC, CUR and CHOL mole-
cules are shown in Fig. 1.

To prepare a vesicular sample, the lipid, cholesterol and curcumin were dissolved 
in a sufficient amount of ethanol. The ethanol was then evaporated under a constant 
flow of dry nitrogen, and then the sample was vacuum-pumped overnight to remove 
solvent traces. The resulting lipid film was hydrated using deionized water at a 5:1 
ratio. Five freeze–thaw cycles were applied using liquid nitrogen and warm (323 K) 
water, according to Traikia et al., which resulted in the formation of a homogeneous 
vesicular sample [26].

2.1.1  2H and 14N NMR Spectroscopy

The NMR spectra of DMPC vesicles were recorded in a Bruker AVANCE III 
(Bruker BioSpin AG, Fällanden, Switzerland) operating at a proton frequency of 

Fig. 1  Chemical structures of: DMPC (a), curcumin (diketo form) (b) and cholesterol (c) molecules
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400.27 MHz applying solid-echo pulse sequence [27] at 308 K. The 2H NMR fre-
quency was 61.422 MHz, relaxation delay was 0.25 s, rf-pulse duration was 25 µs, 
sweep width was 39 kHz and acquisition time was 0.21 s; a total of 16 k signal tran-
sients were collected. 14N NMR frequency was 28.904 MHz; a total of 25 k signal 
transients were collected.

De-Pake-ing is a method of numerical transformation of unoriented static 2H 
spectra into a 0°-oriented spectrum [28]. In this case, the segmental order param-
eters,  SCD, of lipid chains can be calculated [29, 30]. The 2H spectra were processed 
by the program NMR-Depaker to generate de-Paked spectra (https ://launc hpad.net/).

2.1.2  2H NMR

NMR is an appropriate technique for measuring the degree of order in lipid systems 
[31, 32]. 2H nuclei (spin I = 1) have a quadrupole moment, which interacts with the 
electric field gradient. This interaction can be considered a change in the energy of 
the Zeeman levels when the nucleus is placed in a strong external magnetic field. 
Therefore, the equation for the total energy will contain information about how 
they are oriented relative to each other [33]. The frequency difference between two 
2H resonance lines of the C–D group, which is experiencing rapid reorientation, is 
described by the following equation:

where (e2qQ/h) is the quadrupole coupling constant for the C–D bond (~ 167 kHz) 
and θ is the angle between the bilayer normal and the direction of the external mag-
netic field, B0 [29, 34].

The order parameter, SCD, is a function averaged over time. For C–D bonds in a 
lipid, SCD is calculated using the following equation:

where φ is the angle between the normal to the membrane and the C–D bond.
The increase (decrease) value of SCD for a C–D bond in a lipid bilayer system 

with axial symmetry is associated with trans-gauche rotational isomerizations of the 
acyl groups, molecular motions and ordering of lipids in the system [28–30, 33].

3  Results and Discussion

3.1  Lipid Phases and Ordering

Formation of vesicles in all studied DMPC/CHOL/CUR samples was confirmed by 
observation of resolved 2H NMR spectra. 31P NMR and 2H NMR experiments per-
formed on vesicles of DMPC-d54 in the presence of CHOL and CUR (Figs. 2 and 

(1)Δ�Q =
3

4

e2qQ

h
(3 cos2 � − 1)SCD,

(2)SCD =
1

2
3 cos2 � − 1,

https://launchpad.net/
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S1, S2 in ESI) demonstrated that 2H and 31P NMR spectra have shapes typical for 
the lamellar phase of lipids [31, 35].

The 2H spectrum of the control sample of DMPC(d54) vesicles shows three dis-
tinct resonances. The central resonance line (close to 0  Hz) is related to deuter-
ons of water. The two other resonances close to the center of the spectrum refer to 
the –CD3 terminal groups of the lipid tails. The quadrupole splitting of the methyl 
group of DMPC is comparable with the data presented in the literature and is equal 
to 3.2 kHz at 308 K [36]. Other resonances with the larger splitting correspond to 
–CD2– groups in the tail section, situated close to the “heads” of lipids.

The 2H NMR spectrum of lipids with chains enriched with deuterium contains 
information about ordering of the lipids chains [4, 27]. Figures  3 and S3 in ESI 
shows a central part of the “de-Pake-ing” 2H NMR spectra of vesicular DMPC-d54 
with CUR and CHOL, which is related to the methyl –CD3 groups of the lipid acyl 
chains.

The presence of curcumin at concentrations of 10 mol% increases the quadrupole 
splitting of the DMPC 2H NMR spectra by ca. 0.25 kHz, whereas the concentra-
tion of cholesterol in the presence of 15 mol% increases the quadrupole splitting of 
the DMPC 2H NMR spectra by a significantly larger value (by ca. 3.73 kHz). The 
mixture of 15 mol% CHOL and 10 mol% CUR together increases the quadrupole 
splitting by ca 4.36 kHz. The greatest effect on the quadrupole splitting of the spec-
tra occurs in the mixture, which is caused by the presence of both, cholesterol and 
curcumin.

Table 1 shows comparisons of the value of the order parameters, calculated 
by Eq. (1), with θ = 0, of the methyl group of the DMPC acyl chain in the pres-
ence of curcumin, cholesterol, and a mixture of both. The highest value of the 
order parameter corresponds to the sample where both cholesterol and curcumin 

Fig. 2  2H NMR spectra of DMPC(d54) vesicles before (black line) and after the “de-Pake-ing” process-
ing (red line)
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are present. Therefore, in the mixed vesicles, the ordering effect of cholesterol is 
increased by curcumin.

The difference in the order parameters is probably due to the different areas 
of interaction of curcumin and cholesterol with lipid molecules in the bilayer. It 
was shown that the ordering effect of curcumin occurs in the glycerol region of 
the membrane with the hydrophobic core of the membrane affected to a some-
what lesser degree and this ordering effect is absent at the terminus of the acyl 
chain [22]. In contrast, profiles of segmental order parameters as a function of 
acyl chain position indicate that cholesterol inserts deeply into the bilayer and 
affects all acyl chains [33].

Fig. 3  Comparison of the central part of 2H NMR spectra of pure DMPC-d54, in the presence of 15 mol% 
cholesterol, 10 mol% curcumin and a mixture of both in water (with natural 2H content) after de-Pake-ing 
of all the spectra. T = 308 K

Table 1  Order parameters SCD 
for the methyl group of the acyl 
chains of the lipid DMPC in the 
presence of curcumin (CUR) 
and cholesterol (CHOL)

One (or both) of the components in the mixture is (are) changed 
[either curcumin (columns) or cholesterol (raws)]

33 mol% 15 mol% 5 mol% 0 mol% + CHOL 
+ CUR 
(mol%)

0.042 0.041 0.028 0.026 0
– – 0.030 0.027 5
0.049 0.044 0.036 0.027 10
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3.2  14N NMR

Theory and analysis of 2H NMR spectra described in previous sections for the 
hydrophobic part of DMPC are also valid for 14N NMR spectra (14N nuclear spin 
I = 1), but for the hydrophilic “head” region of the phospholipid molecules in vesi-
cles. Figure 4 shows a comparison of the central part of the 14N NMR spectrum of 
pure DMPC and spectra of the latter in the presence of curcumin, cholesterol, and a 
mixture of both. It can be seen that the effect on the quadrupole splitting in the spec-
tra of the hydrophilic part, which includes 14N, of DMPC in the mixture, was caused 
predominantly by the presence of curcumin, rather than cholesterol.

The 14N NMR spectra show a small but detectable decrease in the quadrupole 
splitting, which is indicative of an electrostatic interaction of curcumin with the 
choline-phosphate hydrophilic part of the DMPC. Interactions of curcumin with the 
phosphate group oppose the electrostatic interactions between the positively charged 
choline groups and the negatively charged phosphate groups, which reduce the tet-
rahedral symmetry for lipids in a membrane and decrease the 14N quadrupolar split-
ting [22].

3.3  Effects of Cholesterol, Curcumin and Both Compounds on DMPC Bilayers

The effect of cholesterol on biomembranes has been thoroughly studied; there-
fore, it is reasonable to compare the effects of drug molecules (particularly those 
with polyphenol groups in their structure) just with CHOL. Experimental studies 

Fig. 4  Comparison of the central part of the 14N NMR spectra of: (bottom) pure DMPC vesicles and 
(from bottom to top) DMPC in the presence of 10 mol% of curcumin, 5 mol% of cholesterol and a mix-
ture of both. T = 308 K
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and simulations aiming to study the effect of curcumin have been performed on 
different biomembrane systems and their results are not completely in agreement 
with each other. The primary place of interaction of CUR with the membrane is 
the membrane interface (lipid–water interface) near the lipid head group (glyc-
erol) region [37–39], while at higher concentrations, CUR can be located in the 
lipid membrane hydrophobic region [20, 21]. The insertion of CUR in the mem-
brane core is a higher energetic process in comparison with surface adsorption 
[20], therefore, it can be suggested that a heterogeneous and curved membrane 
interface may promote insertion of CUR in the membrane hydrophobic core. 
Inhomogeneity of the water–lipid interface of both vesicles and planar bilayers 
may also depend on the homogeneity in acyl chain length and type of lipid used 
to construct the membrane. A recent communication by Tsukamoto et  al. [38] 
showed that CUR localized at the domain’s boundary, i.e., the region of a high 
heterogeneity of the bilayer. Taking these factors into consideration, a higher 
loading capacity of CUR is expected for vesicles prepared from lipid extracts, 
while the lowest is expected for planar bilayers. Indeed, vesicles of egg yolk leci-
thin demonstrated a loading capacity of up to 84 w/w% [40], but planar bilayers 
of DOPC and DMPC did not take more than 10 mol% [24]. Insertion of CUR in 
the bilayer hydrophobic core is also easier to observe in vesicles of lipid extracts 
[28, 41, 42] and synthetic lipids [22], but in the case of planar bilayers of syn-
thetic lipids, CUR at higher concentrations tends to aggregate near the hydropho-
bic interface [24].

In a number of publications, the effect of CUR has been compared with that 
of CHOL. Of course, these comparisons were qualitative and concern only some 
effects, such as packing of lipids acyl chains (ordering of the chains), and CUR 
molecule orientation in the bilayer. In this study, we have had a rare chance to 
compare CUR and CHOL through their direct competition to insert into the 
DMPC lipid bilayer during its formation from an initially homogeneous mixture. 
It is evident that CHOL overwhelmingly wins. The interaction of CHOL with 
DMPC acyl chains is stronger compared to the effect of curcumin. Insertion of 
CUR in lipid bilayers is a high energetic process in comparison with the adsorp-
tion of CUR on the lipid surface, even in bilayers without CHOL [20, 21]; in 
more tightly packed DMPC/CHOL membranes, it might take even more energy 
and become less probable. We suggest a model (see Fig.  5), in which the head 
group of the lipid interacts with curcumin, and the acyl chain with cholesterol. 
The lipid molecules are “bound” cholesterol and curcumin, top and bottom.

The overwhelming effect of CHOL over CUR probably has biological rel-
evance. Indeed, if CUR and other polyphenolic drugs just slightly modulate the 
biological membrane surface (or just properties of surface of the membrane), this 
may not disturb the structure and essential functions of living cells. In addition, 
there is a possibility that the curcumin increases binding of cholesterol in the cel-
lular membrane, thereby preventing cholesterol release into the blood stream. 
This could explain the lowering effect of curcumin against hypercholesterolemia 
[43]. Further study of interaction between CUR and CHOL embedded in lipid 
bilayers might shed some light on this aspect.



519

1 3

Effect of Cholesterol and Curcumin on Ordering of DMPC Bilayers  

4  Conclusion

We conclude according to 2H and 14N NMR spectroscopy that curcumin is 
not embedded deep within the lipid bilayer and interacts mainly with the head 
group of the lipid. In a more complex system of DMPC/CHOL/CUR, curcumin 
increases the effect of cholesterol on the ordering of lipid acyl chains.
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