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ABSTRACT: Curcumin is the main ingredient in turmeric, a common Indian spice.
Curcumin shows a broad spectrum of eﬀects, including anti-Alzheimer’s and antioxidant
properties. An interaction between curcumin and lipid membranes has been speculated
as the root cause of this activity, and the molecule is often proposed to protect the
bilayer. However, the detailed molecular mechanism of this protection is disputed. There
is evidence that curcumin either (a) lies ﬂat on the bilayer and provides a “carpet” for
protection by forming a steric barrier, or (b) inserts into the membrane and stiﬀens tails,
thereby protecting against peptide insertion. We studied the interaction between
curcumin and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayers at diﬀerent
concentrations using high-resolution X-ray diﬀraction and molecular dynamics (MD)
computer simulations. We observed curcumin molecules forming a carpet in dehydrated
bilayers, whereas in hydrated membranes the curcumin molecules were found to insert
into the bilayers. From calculations of the potential of mean force (PMF), we ﬁnd two
minima, a metastable state in the headgroup region, at |z| ≈ 22 Å, and a global minimum in the hydrophobic membrane core, at |
z| ≈ 9 Å. The population of the two states depends on membrane hydration. Experiments may thus observe curcumin in a carpet
or inserted position, depending on the osmotic pressure conditions created, for instance, by salts, buﬀer solutions, substrates, or
macromolecular solutes. In the carpet model, curcumin dehydrates lipid bilayers and decreases ﬂuidity. When inserted, curcumin
leads to a further ﬂuidiﬁcation of the membranes and an increase in tail ﬂuctuations, contrary to cholesterol’s condensing eﬀect.

1. INTRODUCTION
Curcumin is the active ingredient in the Indian spice, turmeric.
In addition to being a food additive and preservative, it is used
as an anti-inﬂammatory agent in traditional Chinese and Indian
medicine. More recently, there is evidence for curcumin as an
anti-Alzheimer’s, antioxidant, anticancer, and anti-inﬂammatory
agent.1−3
There is intense interest in identifying the general
mechanism of curcumin. Curcumin seems to inﬂuence a
number of structurally unrelated proteins and processes. For
example, there is evidence that curcumin aﬀects the cross-β
structure of aggregated amyloid-β peptides,3 inhibits the
formation of amyloid-β oligomers, and binds to plaques.4 It
also reduces lipid peroxidation by oxidizing Fe3+ free radicals.2
The breadth of curcumin’s interactions has led to speculation
that it may alter the membrane environment and indirectly lead
to the observed eﬀects.5
Curcumin is a very hydrophobic molecule (Figure 1a) and
has indeed been observed to partition into lipid membranes.
The molecule was reported to cause membrane thinning,
inﬂuence the bilayer’s mechanical properties, and change lipid
domain behavior.5−7 Curcumin partitioning was found to
stiﬀen the membrane, which indirectly inﬂuences the diﬀusion
of the epidermal growth factor receptor, aﬀecting protein
behavior and potentially revealing anticancer properties.8 A
novel mechanism for the antioxidant properties of curcumin
(and other ﬂavenoids) was proposed whereby curcumin stiﬀens
© XXXX American Chemical Society

Figure 1. (a) Curcumin molecule. (b) Cartoons of the two models
proposed to explain curcumin’s protective membrane eﬀects: the
carpet and insertion models.

the membrane and slows lipid and ion diﬀusion, thereby
decreasing oxidation rates.9 Curcumin was also shown to
protect the membrane against disruption by Aβ by acting as a
physical barrier and preventing the insertion of the peptide.10,11
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Figure 2. X-ray diﬀraction of dehydrated membranes with curcumin. (a) Out-of-plane diﬀraction. (b) Pure DMPC bilayer ﬁt with a component
group model. (c) DMPC + 2 mol % curcumin ﬁt with a component group model. The highlighted areas indicate the residual density associated with
the curcumin molecules. Curcumin molecules were found at |z| ≈ 21 Å and |z| ≈ 10 Å. Results of the X-ray experiments on ﬂuid membranes: (d) qz
plots. (e) DMPC membranes ﬁt to the component group model. (f) Membranes + 5 mol % curcumin ﬁt to the component group model. The
highlighted residual density at |z| ≈ 8 Å was assigned to curcumin molecules.

section. All membranes were scanned at a temperature of T =
28 °C. Fluid membranes were simulated at T = 28 °C, and 17
°C was required for the gel-phase simulations. Curcumin was
added to the membranes at concentrations between 0 and 20
mol %. To investigate the role of membrane hydration, two sets
of membranes were constructed in experiments and simulations: dehydrated bilayers with ∼7 hydration water molecules
per lipid molecule, and fully hydrated bilayers with ∼27 water
molecules per lipid. In the experiment, membrane stacks were
exposed to 50% and 100% relative humidity in order to achieve
the two diﬀerent hydration states.
2.1. X-ray Diﬀraction Experiments. 2.1.1. Dehydrated
Membranes. Out-of-plane diﬀraction data for a pure DMPC
membrane and curcumin concentrations of 2, 10, and 20 mol %
is shown in Figure 2a. Ten well-developed and equally spaced
Bragg peaks were observed, indicating well-ordered lamellar
structures. The lamellar spacing of the bilayers, dz, is calculated
using dz = 2π/Δqz. dz for a pure DMPC membrane was
determined to be 54.7 Å, in good agreement with previous
reports on DMPC at low hydration.26,27
Membranes with curcumin also formed well-ordered lamellar
membrane stacks. However, the lamellar spacing monotonically
decreased with increasing curcumin concentration to 52.8 Å at
20 mol % curcumin. This is in agreement with Hung et al., who
reported a decrease in lamellar width with curcumin7 from Xray diﬀraction of multilamellar vesicles.
To determine the position of curcumin in the bilayer and to
model changes to the atomic-level bilayer structure, electron
density proﬁles were constructed for the pure DMPC
membranes, as well as for membranes with 2 mol % curcumin.
ρ(z) for the pure DMPC membrane is shown in Figure 2b. The

Two models have been proposed to explain how curcumin
protects lipid membranes on a molecular level. Some results
suggest that curcumin lies ﬂat on the lipid headgroups, where it
forms hydrogen bonds with the lipid molecules. In this
position, curcumin can act as a physical barrier, a so-called
carpet, preventing peptide or oxidant penetration.6,8,12 In
contrast, curcumin can also embed deeply into the membrane
and intercalate with the lipid tails.5,9,13−15 Similar to cholesterol,
in this position curcumin is proposed to increase the lipid chain
order and stiﬀen membranes, thereby slowing lipid kinetics and
increasing the energy barrier to ion or peptide embedding. The
two models are pictured in Figure 1b.
In this study, we investigated the interaction between
curcumin and lipid bilayers using high-resolution X-ray
diﬀraction and molecular dynamics (MD) computer simulations at diﬀerent levels of membrane hydration to mimic
diﬀerent osmotic pressure conditions. In the experiments, we
used a novel assay of synthetic oriented lipid bilayers that has
become relevant for measuring drug−membrane and peptide−
membrane interactions on the nanometer scale.16−24 In
experiments and simulations, curcumin was found in both of
its suggested locations, and the population of the two states was
found to be dependent on membrane hydration.

2. RESULTS
Highly oriented multilamellar membrane stacks of fully
saturated 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) were prepared for the X-ray diﬀraction experiments,
and similar systems were constructed for MD simulations such
that the results between experiments and simulations can be
compared. Details are provided in the Materials and Methods
B
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maximum in the electron density at |z| ≈ 20 Å represents the
position of the electron-rich headgroups. The bilayer density
decreases to a minimum in the center of the bilayer at z = 0,
between the tails, where CH3 groups reside. The distance
between the maxima is assigned to the bilayer head-to-head
spacing, dHH, and the thickness of the water layer was
determined using dw = dz − dHH. dHH was determined to be
41 Å and slightly increased at 20 mol % curcumin to 42.8 Å. At
the same time, the water layer was found to decrease
signiﬁcantly in width from dw = 13.2 Å for DMPC to dw =
10.0 Å. Values for dHH and dz for all membranes are given in
Table 1. The area per lipid, AL, was determined from in-plane
diﬀraction (complete two-dimensional data are shown in Figure
S1 in the Supporting Information).

(ρGC(z)); a proﬁle for the phosphate group (ρp(z)); and a
proﬁle for the combined water and choline group (ρBC(z)).
The results for DMPC (shown in Figure 2b) agree well with
past observations.26,28 All ﬁtting parameters are given in Table
2.
The component group analysis was then applied to the
electron density of DMPC +2 mol % curcumin in Figure 2c. In
the ﬁtting process, the width of the individual component
groups was ﬁxed to the values determined from pure DMPC.
The positions of the groups, zp, zGC, and dc, were adjusted to
accommodate the dHH observed in the experimental density.
The model assumes that the structure of the bilayer is not
altered signiﬁcantly by 2 mol % curcumin such that excess
electron density can be attributed to the presence of curcumin
in the bilayers. This analysis suggests multiple binding sites for
curcumin in the dehydrated bilayers: at |z| ≈ 21 Å in the lipid
headgroups and at |z| ≈ 10 Å in the hydrophobic membrane
core. From the integrated intensities, the population of the
headgroup state is estimated to be 2.5:1 vs the tail group state.
2.1.2. Hydrated Membranes. Out-of-plane scans for pure
DMPC membranes and membranes with 5 mol % curcumin
measured at 100% RH are shown in Figure 2d. The out-ofplane scattering for the hydrated DMPC membranes produced
only 5 Bragg peaks as compared to 10 in the dehydrated state.
The absence of higher-order Bragg peaks and a lamellar spacing
of dz = 61.3 Å are consistent with a highly ﬂuid structure.29
Electron density proﬁles were generated (Figure 2e,f), and
the component group model was applied. The diﬀerent groups
become considerably broader in ﬂuid membranes. Fitted
parameters are given in Table 2, and structural parameters
are given in Table 1. The excess electron density in Figure 2f
suggests that in ﬂuid bilayers the curcumin molecules reside
entirely in the membrane tailgroup region, with an average
position of |z| ≈ 8 Å.
2.2. Molecular Dynamic Simulations. 2.2.1. Dehydrated
Membranes. United-atom MD simulations were performed
with curcumin in a 128-lipid DMPC membrane. Simulations
were performed with 7 water molecules per lipid molecule in
order to mimic experimental conditions. To create a bilayer in
the gel phase, the carbon bonds along the lipid chains were
forced into an all-trans conﬁguration for 100 ns. Next, the
bonds were released and the system was simulated for 200 ns.
After this procedure, the system equilibrated with AL = 49 Å2
and dz = 51 Å. The temperature was kept at 17 °C; higher

Table 1. Structural Parameters from X-ray Diﬀraction and
MD Simulationsa
curcumin (mol %)
0
2
10
20
0
5
0
2
0
2

nw

AL (Å2)

X-ray Diﬀraction
40.6
40.6
40.6
41.1
25.6
59.9b
23.0
59.9b
MD Simulations
7
49
5.2
48.4
27
59.5
25
60.8
7
5.2

dz (Å)

dHH(Å)

dw(Å)

54.6
53.9
53.1
52.8
61.2
57.8

41.4
41.5
42.7
42.8
35.8
34.8

13.2
12.4
10.4
10.0
25.4
23

51
51.4
58.7
58.6

39
39
32.4
32.2

12
12
26.3
26.4

a
Membranes were studied in a dry (∼7 hydration water molecules at
50% RH) and a hydrated, ﬂuid state (∼27 hydration water molecules
at 100% RH). The lamellar spacing, dz, membrane thickness, dHH, and
hydration water layer thickness, dw, were determined from out-of-plane
diﬀraction and electron density calculations. The area per lipid (AL)
was experimentally determined for dry membranes only. bFluid areas
were taken from ref 25.

A component group model was ﬁt to the electron
densities.26,28 The model decomposes the bilayer into ﬁve
components: the CH3 groups in the center of the bilayer
(ρCH3(z)); a function for the methylene tails in each leaﬂet
(ρCH2(z)); a proﬁle for the glycerol chemical group in the heads

Figure 3. (a) In simulations of dehydrated membranes, curcumin was found to lie ﬂat on the bilayer surface (90°) at |z| ≈ 23 Å and hydrogen bond
with the lipid headgroups, compatible with the carpet model. Experiments and PMF calculations show a second embedded state of the molecule at |
z| ≈ 9 Å that was not populated on the time scales of the simulations. (b) In hydrated bilayers, the curcumin molecule was found to embed within
the tails at |z| ≈ 9 Å at a tilted angle compatible with the insertion model. Molecules were ﬂuctuating between 20 and 90° with an average tilt angle of
65° (∼30° in this snapshot).
C
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Figure 4. Analysis of the MD simulations in the dry (a−d) and hydrated (e−g) membranes. (a) A component group density model, showing the
position of the curcumin densities in the dehydrated membrane. (b) Results of the umbrella simulations: the potential of mean force (PMF) for the
curcumin in each umbrella window. (c) Number of water molecules displaced from a 5 Å radius around a curcumin molecule, calculated at each
umbrella window and smoothed by 1 Å. (e) Component group density model showing the curcumin density in the ﬂuid membrane. (f) PMF for
curcumin in the hydrated bilayer. Experimentally determined positions are marked for comparison. (g) The number of water molecules displaced
from a 5 Å radius around a curcumin molecule, in a hydrated membrane. (d) Proportion of gauche defects as a function of distance from the
curcumin molecule, compared to pure DMPC. (h) Gauche defects for the hydrated membrane.

temperatures caused the system to transition into a ﬂuid state in
the simulations. Two curcumin molecules were introduced into
the pure bilayer system and simulated for another 200 ns,
corresponding to ∼2 mol %. A snapshot is shown in Figure 3a.
The curcumin molecules were initially placed at the edge of the
thin water layer and spontaneously entered the headgroups
within ∼10 ns.
The ﬁnal 50 ns of each simulation was used for the analysis.
Electron density proﬁles of the various system components
were generated via number density calculations along the z
coordinate and scaled using the appropriate weighting based on
the number of electrons within each component. The
component analysis is shown in Figure 4a. The yellow areas
highlight the positions of the curcumin molecules in the region
of the phosphate group at z ≈ 23 Å, in good agreement with
the experiments. At this position, each curcumin molecule
forms multiple hydrogen bonds with the lipid headgroups. The
dehydrated bilayers equilibrated to an area per lipid of 48.4 Å2
and dz = 51.4 Å. The structural parameters for all simulations
are summarized in Table 1.
Umbrella simulations were performed to calculate the
potential of mean force (PMF). The results are displayed in
Figure 4b. The PMF reveals a local minimum at |z| ≈ 9 Å, but
the absolute minimum in the proﬁle occurs at the edge of the
bilayer system. These two states agree well with the observed
positions of curcumin in the X-ray experiments. We did not
observe a curcumin molecule in the 9 Å position in the
simulations, likely because the insertion process takes
signiﬁcantly longer than 200 ns.
In addition to the PMF, in every umbrella window, the
change in the number of water molecules per lipid near a
curcumin molecule was calculated. The number of water
molecules per lipid in a radius of 5 Å around the curcumin
molecule was calculated and compared to the value of the bulk
membrane. As shown in Figure 4c, when the curcumin
molecule is ﬁxed in the water layer or the headgroups, there

is a decrease in the number of water molecules in the
surrounding area.
2.2.2. Hydrated Membranes. Membrane simulations were
performed with curcumin in fully hydrated bilayers at 28 °C for
27 water molecules per lipid molecule. Two curcumin
molecules were introduced and found to partition spontaneously into the tailgroup region within 50 ns. The system was
simulated for 200 ns. A snapshot is shown in Figure 3b. An area
per lipid of 61 Å2 was achieved with dz = 60.5 Å, in good
agreement with the experimental value for dz, the fully hydrated
area of 60.8 Å2 reported for the GROMOS54a7 force ﬁeld,30
and the experimentally determined value of 59.9 Å225 (both
determined at 30 °C).
The component analysis is shown in Figure 4e and
demonstrates that the curcumin molecules partition deeply
into the tail region, at z ≈ 10 Å, in agreement with previous
reports13 and our experimental ﬁndings. At this position, each
curcumin molecule still participates in hydrogen bonding with
the lipid headgroups, forming one bond each. The tilt of the
curcumin was also measured as the angle between the long axis
of the molecule projected on the z axis of the bilayer. The tilt
was measured every 1 ns and averaged over the ﬁnal 50 ns.
Although the tilt is a dynamic quantity that ﬂuctuated between
20 and 90°, the curcumin molecules were on average tilted by
∼65°.
The results from umbrella simulations are displayed in Figure
4f. The minima in the PMF at |z| = 9 Å are in excellent
agreement with the simulated densities and the experimental
results. The number of water molecules per lipid in an area of 5
Å around the curcumin molecule is shown in Figure 4g.
Following that, curcumin increases the number of water
molecules in the membranes when inserted.
In addition to structural parameters, the number of gauche
defects in the lipid tails, i.e., kinks in the lipid alkyl chains, was
calculated as a function of the lateral distance from the
curcumin molecules. This quantity is often used as a direct
measure of ﬂuidity.31−33 The proportion of gauche dihedrals
D

DOI: 10.1021/acs.langmuir.7b01562
Langmuir XXXX, XXX, XXX−XXX

Article

Langmuir

potential to inﬂuence the position of curcumin by increasing
the potential for hydrogen bonding. However, on the basis of
the PMF in Figure 4c, the embedded state is signiﬁcantly less
favorable than in hydrated bilayers, suggesting that headgroup
interactions due to periodicity likely do not inﬂuence the result.
In experiments presented here, reduced membrane hydration
was achieved through exposure of the membranes to reduced
relative humidity. A relative humidity of p/p0 creates an
osmotic pressure of Πosm = (kBT/vw) ln(p0/p), where vw is the
partial molar volume of a water molecule.37 In membranes, this
osmotic pressure leads to an attractive potential that is
proportional to the thickness of the hydration water later,
V(dw) = Πosm dw. Membrane swelling, i.e., the absorption of
hydration water molecules from the surrounding water vapor, is
the result of water molecules migrating into the membrane
stack, leading to an increase in the hydration water layer
thickness against the attractive forces between neighboring
bilayers in the stack. As the chemical potential of water
molecules in relative humidity is reduced by Δμw = kBT ln(p/
p0), this process can be inhibited at reduced humidity levels.
Changes in osmotic pressure can directly be related to the
swelling of the membranes and the thickness of the hydration
water layer in the experimental system. Petrache et al.38 and
Mennicke, Constantin, and Salditt39 measured the lamellar
spacing of DMPC bilayers for diﬀerent osmotic pressures by
varying the concentration of poly(ethylene glycol) (PEG). A dz
spacing of 53 Å, for instance, was observed at an osmotic
presssure of Π ≈ 7 × 106 Pa. Protein solutions can also cause
osmotic stress,40 depending on their concentration. The
osmotic pressure of a physiological saline solution with a
density of 1.005 g/mol at 37 °C is calculated to be 760 000 Pa.
The osmotic pressure of a typically used 10 mM Hepes buﬀer
solution corresponds to ∼26 000 Pa. The physiological saline
and Hepes buﬀer solutions would thus reduce the lamellar dzspacing in DMPC from 61 Å to ∼53 Å, respective, ∼59 Å. By
using swelling data from the Nagle group,29 these dz spacings
correspond to relative humidity levels of ∼99% and close to
100%. The relation among osmotic pressure, relative humidity,
and lamellar spacing is plotted in Figure 5.
These results can help to unify the diﬀerent models that have
been suggested for curcumin’s position and eﬀects. In diﬀerent

was analyzed using a dynamic selection of lipid molecules
located within a speciﬁed radius around the curcumin
molecules. The results are shown in Figure 4d,h. There was a
decrease in the proportion of gauche defects near curcumin in
the gel phase, and an increase in the ﬂuid phase.

3. DISCUSSION
Diﬀerent models for where curcumin embeds in the
membranes propose diﬀerent mechanisms for its supposed
protective eﬀects. The carpet model suggests that curcumin lies
ﬂat on lipid heads and provides a steric barrier against
molecular binding. Models that suggest curcumin embeds in
the membrane core propose that curcumin has a mechanism
similar to cholesterol: by increasing the lipid chain order, the
molecule stiﬀens tails and increases energy barriers against
insertion.
Care was taken to prepare comparable systems for
experiments and simulations, and there is a strong agreement
of the structural properties between the experimental and
simulated systems. In fully hydrated bilayers, diﬀerences
between experimental and simulated curcumin positions can
be the result of bilayer undulations present in the bilayer stacks
that are not accurately replicated using the short time scale and
small patch size of the simulations. The undulation ﬂuctuations
in membranes were previously measured using the neutron
spin−echo technique.34,35 The corresponding undulation
amplitudes can be estimated from the underlying theory of a
solid supported stack of membranes by Romanov and
Ul’yanov36 to about 3 Å, which account for the observed
deviations between experiments and simulations. A similar
eﬀect has been observed when comparing the diﬀraction
experiment and MD simulations in the case of the interaction
between cortisone and membranes.23
In dehydrated lipid membranes, the curcumin molecule was
found to reside in the headgroup region, at |z| ≈ 22 Å (21 Å in
the experiment, 23 Å in the simulation). At these locations, the
molecule interacts with the carbonyl moieties in the heads as
well as the hydrophobic tails. The curcumin molecule lies ﬂat
on the bilayer and quickly forms hydrogen bonds with the lipid
headgroups, in good agreement with the proposed carpet
model.6,8,12 A small population of curcumin molecules was
found to embed at |z| ≈ 10 Å in the experiments.
Simulation and experiment also agree that in fully hydrated
bilayers, curcumin prefers to embed deeper into the membrane,
at |z| ≈ 9 Å (8 Å in experiment, 10 Å in the simulation).
Simulations indicate that in this position curcumin is still
forming hydrogen bonds with the headgroups. The long axis of
curcumin is tilted to an average angle of ∼65° with respect to
the membrane normal. This is in contrast to studies that
suggest that curcumin positions upright with the bilayer when
embedding in the tails,5,9,13−15 similar to cholesterol.
The MD simulations give insight into the corresponding
energy landscape. According to the PMF calculations, curcumin
has two preferred locations in lipid bilayers. The position in the
headgroup region was found to be metastable in both hydrated
and dehydrated bilayers. Locating into the lipid tail region
becomes more favorable with increasing hydration of the
membranes.
We note that to achieve low hydration in our experiments
and simulations, water must be removed and the reduced
hydration water layer thickness may increase interbilayer
interactions given the periodicity of both systems. The
increased headgroup−headgroup interaction may have the

Figure 5. Relation among the osmotic pressure, relative humidity, RH,
and lamellar spacing, dz, of DMPC bilayers. Data for bilayer swelling as
a function of RH were taken from Chu et al.29 dz as a function of
osmotic pressure was determined by Petrache et al.38 and Mennicke,
Constantin, and Salditt.39
E
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25 min to remove all organic contamination and create a hydrophobic
substrate. After removal from DCM postsonication, each wafer was
thoroughly rinsed three times by alternating with ∼50 mL of ultrapure
water (18.2 MΩ·cm) and methanol. This treatment renders the
surface of the wafers hydrophobic.

biological environments, such as salts and buﬀer solutions, the
presence of substrates or macromolecular solutes may lead to
an eﬀective dehydration of lipid bilayers, and it is plausible that
they can shift the population of the two preferred curcumin
locations in the membranes. Some experiments may thus
observe curcumin in carpet or inserted depending on the
experimental conditions. Curcumin’s eﬀect on lipid membranes
strongly depends on its location.
In the carpet model, the presence of curcumin molecules in
the lipid headgroups led to a decrease in the ﬂuidity and
dehydration of the bilayers, as reported previously. We do not
ﬁnd evidence for a cholesterol-like chain ordering eﬀect of
curcumin in the insertion model. For one, the molecule does
not insert into our bilayers with an upright orientation. Second,
dHH does not increase when curcumin is added to ﬂuid-phase
bilayers but in fact slightly decreases, by ∼1 Å in experiments
and by 0.2 Å in simulations. The protective eﬀect of curcumin
in the insertion model is thus not similar to cholesterol’s
stiﬀening and condensation eﬀect. Instead, curcumin was found
to increase the number of water molecules in the bilayers and
the number of gauche defects, making the bilayers more ﬂuid.
This ﬁnding is inconsistent with the current literature
hypothesis, as described in the Introduction, which involves
curcumin increasing the lipid chain order similarly to
cholesterol. Future work including curcumin and peptides is
needed to unveil the exact mechanism of how curcumin can
inhibit peptide insertion in the insertion model under these
circumstances.

Table 2. Fitting Parameters of the Component Group
Analysis
curcumin
(mol %)

nw

σCH3
(Å)

σCH2
(Å)

dc
(Å)

σGC
(Å)

zGC
(Å)

σp
(Å)

zp (Å)

0
2
0
5

7
5.2
27.6
25.0

2.6
2.7
5
5

2.4
2.4
3.5
3.5

15.9
16.2
13
13

2.4
2.4
3.6
3.5

17.6
17.9
14.5
14

2.65
2.65
3.5
3.5

22.6
22.95
18.5
18.5

1,2-Dimysteroyl-sn-glycero-3-phosphocholine (DMPC) is initially
dissolved in a chloroform solution. Curcumin (Sigma, SAS 458-37-7)
is also dissolved in chloroform and then mixed with the lipid solution.
The chloroform was then evaporated, and the lipid-curcumin
precipitate was redissolved in either pure water or a 1:1 solution of
triﬂuoroethanol and chloroform. Water solutions were point sonicated,
and TFE/chloroform solution was vortex mixed and heated to 313 K.
A tilting incubator was heated to 313 K, and the solutions were
placed inside to equilibrate. A lipid solution (80 μL) was deposited on
each wafer. The solvent was then allowed to slowly evaporate while
being gently rocked such that the lipid solution spread evenly on the
wafers. Samples were then placed in a sealed container containing an
open vial of ultrapure water and incubated for 24 h at 100% RH at 303
K. This procedure results in highly oriented multilamellar membrane
stacks and a uniform coverage of the silicon wafers. About 3000 highly
oriented stacked membranes with a total thickness of ∼10 μm are
produced using this protocol.
5.2. X-ray Diﬀraction Experiment and Construction of
Electron Densities. Out-of-plane X-ray diﬀraction measurements
were obtained using the Biological Large Angle Diﬀraction Experiment
(BLADE) in the Laboratory for Membrane and Protein Dynamics at
McMaster University. BLADE uses a 9 kW (45 kV, 200 mA) Cu Kα
Rigaku Smartlab rotating anode at a wavelength of 1.5418 Å. Both the
source and detector are mounted on moveable arms such that the
membranes stay horizontal during measurements. Focusing multilayer
optics provide a high-intensity parallel beam with monochromatic Xray intensities of up to 1010 counts/(s × mm2). This beam geometry
provides optimal illumination of the membrane samples to maximize
the scattered signal. By using highly oriented stacks, the out-of-plane
(qz) structure of the membranes could be determined independently
from the in-plane (q∥) structure.
Electron densities, ρ(z), were calculated through Fourier transform
of the integrated intensities of the reﬂectivity Bragg peaks. ρ(z) can be
approximated by one-dimensional Fourier analysis

4. CONCLUSIONS
Curcumin was added to phospholipid bilayers made of DMPC,
and partitioning of the molecule was studied using highresolution X-ray diﬀraction and MD simulations. Curcumin was
found in two locations in the membranes: in the lipid
headgroups at z values of |z| ≈ 22 Å lying ﬂat on the bilayer
edge and inside the hydrophobic membrane core, tilted with
respect to the bilayer normal, at |z| ≈ 9 Å. The population of
the two states was found to depend on membrane hydration.
While the headgroup position is metastable, the core position
becomes signiﬁcantly more favorable with increasing hydration.
The two observed positions correspond to the two models
for curcumin’s protective properties: in the carpet model, it lies
ﬂat on the bilayer and provides a carpet for protection by
forming a steric barrier, whereas in the insertion model, it
protects against peptide insertion. We suggest that curcumin
can be observed in carpet or inserted depending on the osmotic
pressure conditions created by salts, buﬀer solutions, substrates,
or macromolecular solutes.
It was suggested that curcumin stiﬀens membranes and
decreases lipid diﬀusion and increases the energy barrier to
molecule binding, similar to the eﬀect of cholesterol. In the
carpet model, the presence of curcumin molecules in the lipid
headgroups led to a decrease in ﬂuidity and the dehydration of
the bilayers. With the insertion models, we ﬁnd that curcumin
leads to a further ﬂuidiﬁcation of lipid membranes at high
hydration levels, in contradiction to cholesterol’s condensing
eﬀect.

ρ(z) =

2
dz

N

∑
n=1

⎛ 2πnz ⎞
Inqn νn cos⎜
⎟
⎝ dz ⎠

(1)

where N is the highest order of the Bragg peaks observed in the
experiment. The integrated reﬂectivity Bragg peak intensities, In, are
multiplied by qn to generate form factors F(qn). The bilayer form
factor, which is in general a complex quantity, is real-valued when the
structure is centrosymmetric. The phase problem of crystallography
therefore simpliﬁes to the sign problem F(qz) = ±|F(qz)|, and the
phases, νn, can take only values of ±1.
The phases, νn, were assessed by ﬁtting the experimental peak
intensities, as detailed in Figure S1 in the Supporting Information. To
transform the ρ(z) to an absolute scale, the curves were vertically
shifted to fulﬁll the condition ρ(0) = 0.22e−/Å3 (the electron density
of a CH3 group) in the center of a bilayer. The curves were then scaled
ρ(z) dz across a
until the total number of electrons e− = AL∫ dz/2
0
membrane leaﬂet agrees with the total number of electrons of a

5. MATERIALS AND METHODS
5.1. Preparation of the Highly Oriented Multilamellar
Membrane Complexes. Highly oriented multilamellar membranes
were prepared on polished 1×1 cm2 silicon wafers. The wafers were
ﬁrst pretreated by sonication in dichloromethane (DCM) at 310 K for
F
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DMPC molecule with nw water molecules and the contribution from
curcumin.
To determine the number of water molecules per lipid, nw, the
following relation was used
1
AL dz = VL + n w Vw
2

200 ns each to mimic the dehydrated and hydrated membranes,
respectively. Next, two curcumin molecules were introduced into the
pure membranes, and the system was simulated for another 200 ns. All
analyses were performed with the ﬁnal 50 ns of the simulations using
GROMACS algorithms and simple scripts.55 The electron density
proﬁles were calculated for diﬀerent constituents of the system, similar
to other studies using lipid bilayers.22,56 The function used calculates
the relative distance along the bilayer normal of each atom within the
speciﬁed index group, assigns a weighting based upon the number of
electrons in each atom, and delivers an electron density as averaged
over the speciﬁed time range.
Umbrella simulations were also performed, with the protocol based
on previous studies.23,57,58 The initial condition was a curcumin
molecule placed at the membrane edge. Umbrella simulations are
obtained by pulling the molecule through the bilayer, along the z
direction with a force constant of 3000 kJ/mol, and umbrella windows
are obtained with Δz = 1 Å. Each window is then simulated for 15 ns.
Potentials of mean force (PMFs) are then calculated using the
weighted histogram analysis method in GROMACS,59 with the ﬁnal 5
ns of each umbrella window and the center of the bilayer as the
reference point.
The proportion of gauche dihedrals within a lipid system is
commonly used as a measure of bilayer ﬂuidity.31−33 The proportion
of gauche dihedrals as a function of increasing distance from curcumin
was determined using dynamic scripting and GROMACS algorithms.
A script was constructed to generate an index ﬁle containing only
carbon chains belonging to lipids within the speciﬁed radius from the
center of mass of any curcumin molecule within the system every 50
frames. This index ﬁle speciﬁed the DMPC molecules whose carbons
were to be used in the calculation of the Ryckaert−Bellemans dihedral
angles over that time interval.60 This was repeated over the ﬁnal 50 ns
of the simulation and averaged for each carbon position. Averaging
across the SN1 and SN2 tails was then performed to generate the value
shown in Figure 4d,h, and the script was run successively to consider
each new distance from curcumin. Testing with the script showed that
windows shorter than 50 frames did not produce statistically diﬀerent
results, so this frame length was used to decrease the computational
time.

(2)

where AL is the area per lipid, VL is the volume per lipid, and Vw is the
volume per water molecule, known to be 30 Å3. For DMPC in the gel
phase at low hydration, the volume per lipid was calculated previously
to be VL = 891 Å3,26 whereas the ﬂuid volume of VL = 1101 Å3 was
taken from ref 41. We note that VL for the dehydrated gel phase is
lower than the value of 1041 Å3 reported by Tristram-Nagle et al. for
hydrated gel membranes.27 The discrepancy is mainly the eﬀect of
reduced hydration resulting in a reduced area per lipid, AL. We
measure AL ≈ 41 Å2 to be in good agreement with previous reports for
dehydrated gel phases,42,43 and Tristram-Nagle et al. report 47 Å2 in
the hydrated gel phase.
5.3. Real-Space Modeling of Electron Density Proﬁles. To
model the bilayer structure and determine the position of the
curcumin molecule, electron density proﬁles were decomposed using a
composite model. The speciﬁc models used for the lipid component
groups are those used by Klauda et al. and Alsop et al.28 Atoms from
the DMPC molecules were distributed between ﬁve component
groups representing distinct portions of the bilayer. These regions are
(1) the terminal CH3 groups at the end of the lipid chains, for both
lipids in the bilayer, found in the center of the bilayer (CH3); (2) the
CH2 groups composing the hydrocarbon core of the lipid molecule
(CH2); (3) the glycerol moiety in the headgroup (GC); and (4) the
phosphate group in the headgroup (P). An additional function is
added to describe the hydration water layer and the choline group of
the lipid (BC). The functions describe a full bilayer, i.e., two leaﬂets.
For a detailed description of the model, please see refs 26 and 28.
In total, there are seven to nine free parameters in the ﬁtting: the
width of the CH3 peak, σCH3, the width of the tail CH2 interface, σCH2,
the thickness of the hydrocarbon region, dC; and the positions and
widths of the glycerol and phosphate groups, zGC, σGC, zP, and σP.
Because the phosphate and glycerol groups are coupled by chemical
bonds, σGC, σp, and σCH2 are softly constrained to covary.
To determine the position of the curcurmin molecule, the
component group model is ﬁrst applied to the pure DMPC membrane
in the appropriate hydration state. Next, the same ﬁtting parameters
are applied to the electron density for membranes with curcumin.
Adjustments are made to zp, zGC, and dc so that the ﬁtting to dHH
matches the experimental value. The density that remains after the
lipids are subtracted from the measured density is attributed to the
curcumin molecule.
5.4. Molecular Dynamics Simulations. All simulations were run
in-house on MacSim, a GPU accelerated workstation with 20 physical
Intel XeonCPU cores and 2 GeForce GTX 1080 high-power graphics
cards resulting in 5120 CUDA Cores. This system produces about 180
ns of MD simulations in standard 128 lipid membrane patches in
GROMACS.
A system of 128 DMPC lipids (64 per leaﬂet) was taken from
Tieleman et al.44 and re-equilibrated for 500 ns. Curcumin topology
was obtained using the Automated Force Field Topology Builder
(ATB).45,46 The SPC water model was used for system solvation.47 All
MD simulations were performed using the GROMACS 5.1.2 software
package48 implementing the GROMOS 54a7 force ﬁeld49 modiﬁed
with Berger lipid parameters.50 All simulations used a 2 fs time step, a
periodic boundary condition applied to all directions, the particle-mesh
Ewald method to solve for long-range electrostatics,51 a short-range
van der Waals cutoﬀ of 1.2 nm, and the LINCS algorithm to determine
bond constraints.52 Temperature coupling was controlled using a
Nose-Hoover thermostat at 28 °C (τ = 0.5 ps),53 and pressure was
kept at 1.0 bar using Parrinello−Rahman semi-isotropic weak coupling
(τ = 1 ps).54
A total of four distinct simulations were conducted. First, two pure
DMPC membranes with 7 and 27 waters per lipid were simulated for
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