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The Eﬀects of Resveratrol, Caﬀeine, 𝜷-Carotene, and
Epigallocatechin Gallate (EGCG) on Amyloid-𝜷25–35
Aggregation in Synthetic Brain Membranes
Isabella P. Gastaldo, Sebastian Himbert, Udbhav Ram, and Maikel C. Rheinstädter*
with dementia, a number that is expected
to double every 20 years, reaching 81.1
million by 2040.[1] AD is marked clinically by gradual cognitive decline, and
pathologically by the presence of senile
plaques, which are formed through the
aggregation of amyloid-𝛽 (A𝛽) peptides
in functional tissue of the brain.[2] Although the etiology of AD is not yet
fully understood, there is strong evidence
that aggregated A𝛽 peptides play a critical role in its pathogenesis.[3,4] Given the
connection between A𝛽 and AD, one of
the key theories to explain AD pathogenesis is the amyloid cascade hypothesis, which proposes that the deposition
of A𝛽 peptides is the causative agent
of AD’s pathology.[5] Although the amyloid hypothesis, which identiﬁed the accumulation and deposition of oligomeric
or ﬁbrillar A𝛽 peptides as the primary
cause of Alzheimer’s disease (AD), had
been disputed in recent years,[6,7] amyloid accumulation is now believed to
play a crucial role in beginning the
pathological process while other downstream events, such as neuroinﬂammation and tau accumulation are likely
the main drivers of neurodegeneration.[4,8] This makes amyloid
plaques a prime target for pharmaceutical development. Already
today, existing pharmaceutical approaches are mostly focused on
the design and synthesis of therapeutics to inhibit pathological
oligomerization of amyloid and tau proteins by computer-aided
drug design and medicinal chemistry.
A𝛽 peptides are derived by improper proteolytic cleavage of the
amyloid-𝛽 precursor protein (APP), which is an integral membrane protein.[9,10] Improper cleavage increases the production of
less soluble and more toxic A𝛽.[11,12] The main A𝛽 types formed
from this cleavage are A𝛽1–40 and A𝛽1–42 , both of which contain
the short, primarily hydrophobic amino acid fragment (25–35)
which is known to embed itself into the hydrophobic core of the
membrane.[13–16] As such, it is often used in membrane studies.
One of the major forms of A𝛽 aggregates in amyloid plaques
is amyloid ﬁbrils, composed of a cross-𝛽 spine.[17–19] These ﬁbrils aggregate via a nucleation-dependent pathway composed of
a nucleation and an elongation stage. During the nucleation
stage, there is a lag phase where the nucleus accumulates and

Scope: Alzheimer’s disease is a neurodegenerative condition marked by the
formation and aggregation of amyloid-𝜷 (A𝜷) peptides. There exists, to this
day, no cure or eﬀective prevention for the disease; however, there is evidence
that a healthy diet and certain food products can slow down ﬁrst occurrence
and progression. To investigate if food ingredients can interact with peptide
aggregates, synthetic membranes that contained aggregates consisting of
cross-𝜷 sheets of the membrane active fragment A𝜷25–35 are prepared.
Methods and results: The impact of resveratrol, found in grapes, caﬀeine, the
main active ingredient in coﬀee, 𝜷-carotene, found in orange fruits and
vegetables, and epigallocatechin gallate (EGCG), a component of green tea,
on the size and volume fraction of A𝜷 aggregates is studied using optical and
ﬂuorescence microscopy, X-ray diﬀraction, UV–vis spectroscopy, and
molecular dynamics simulations. All compounds are membrane active and
spontaneously partitioned in the synthetic brain membranes. While
resveratrol and caﬀeine lead to membrane thickening and reduced membrane
ﬂuidity, 𝜷-carotene and EGCG preserve or increase ﬂuidity.
Conclusion: Resveratrol and caﬀeine do not reduce the volume fraction of
peptide aggregates while 𝜷-carotene signiﬁcantly reduces plaque size.
Interestingly, EGCG dissolves peptide aggregates and signiﬁcantly decreases
the corresponding cross-𝜷 and 𝜷-sheet signals.

1. Introduction
A common societal concern that has been rising over the past
couple of years is the prevalence of Alzheimer’s disease (AD),
the most common cause of dementia worldwide. In 2001,
an estimated 24 million people around the world were living
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Figure 1. Aggregation pathway for A𝛽25–35 in membranes. A𝛽25–35 coexists
in an external and inserted phase in which there is a certain free energy barrier which inhibits full insertion. For this reason, there is a rate of insertion
and expulsion within the membrane. After the insertion, H-bonding between neighboring Glu and Arg residues coordinate lateral attraction and
promote the formation of a cross-𝛽 sheet through the U-turn N-terminus
residues external to the bilayer.

A𝛽 molecules are mostly amorphous monomers. During the
elongation stage, these monomers assemble into oligomers,
protoﬁbrils, and mature ﬁbrils.[20] There is strong evidence that
membranes play a crucial role in the aggregation of these peptides by serving as a nucleation point,[21,22] in particular at early
stages of plaque formation. The formation of amyloid ﬁbrils and
plaques starts in small, nanometer-sized peptide clusters that
form within membranes in the brain and membrane properties play a decisive role if peptides aggregate.[22] As depicted in
Figure 1, the bilayer oﬀers a site of high stability for A𝛽25–35
monomers with an equilibrium between adsorbed and dissolved
peptides. From this, the stabilization of this inserted form allows neighboring peptides to coordinate hydrogen-bonding, and
long-range lipid attractions to minimize membrane surface tension between A𝛽 fragments. This allows for folding and uncoiling of the peptide to form more stable cross-𝛽 sheets which
makes the membrane a key mediator in the nucleation of
these aggregates.
The biophysical properties of membranes inﬂuence membrane functions, as well as the activity of essential proteins that
regulate our cells. It is now commonly accepted that membrane
structure and dynamics are an essential contributor to membrane functionality.[23,24] Subtle modiﬁcations to the structure
of membranes are therefore of vital importance in maintaining
homeostasis. For instance, many neurodegenerative diseases are
associated with lipid alterations.[25,26] However, the majority of
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drugs targeting them are designed to interact with membrane
receptors or enzymes. This limitation likely reduces the eﬃcacy
of our current therapies on the progression of these diseases.
Thus, making the cell membrane a target has the potential for
new treatments for numerous pathologies, including AD.
Despite tremendous eﬀorts, no progress has been made toward treating protein misfolding diseases, such as AD. However,
a diverse range of bioactive nutrients found in natural products
have been shown to play a potential role in the prevention of
several neurodegenerative diseases.[27] Many researchers investigated the role of resveratrol,[28–32] caﬀeine,[33–37] 𝛽-carotene,[38–41]
and epigallocatechin gallate (EGCG)[28,42–45] as potential candidates for AD intervention. Many of these molecules also resulted in changes related to memory and other cognitive functions. Resveratrol was shown to improve memory performance
and facilitate memory formation in mice,[46,47] and 𝛽-carotene
supplementation improved cognitive impairment and oxidative
stress.[48,49] Both EGCG and caﬀeine were also reported to reduce
cognitive impairment and prevent memory decline.[50,51]
Resveratrol is most commonly found in the skin of grapes,
and is often consumed in the form of red wine. Karuppagounder
et al.[29] found that resveratrol reduced amyloid induced pathology in transgenic mice and Marambaud[30] demonstrated that it
promotes intracellular degradation of A𝛽 peptides. Feng et al.,[31]
however, discovered that resveratrol inhibited or disaggregated
A𝛽 ﬁbrils, but could not inhibit the formation of oligomers.
Lastly, Wang et al.[28] reported that resveratrol binds to A𝛽 peptides and converts it into disordered oligomers. Caﬀeine is the
principal pharmacologically active component found in coﬀee.
Maia and De Mendonça[33] reported that caﬀeine exposure is
inversely associated with AD, a ﬁnding that was supported by
Arendash et al.,[34,35] who reported that caﬀeine resulted in a decrease of A𝛽 production in transgenic mice. Simulations have
also been performed to examine interactions between A𝛽 and caffeine. Sharma and Paul[36] found from molecular dynamics simulations that caﬀeine molecules can bind to A𝛽 and physically
block amyloid formation and subsequent aggregation.
𝛽-carotene is a naturally occurring carotenoid found in carrots as well as in other orange fruits and vegetables. Wei et al.[38]
reported that people with severe AD, compared to mild AD or
control, showed decreased plasma levels of 𝛽-carotene, thus suggesting that it may be used to slow the rate of cognitive decline.
Similarly, Li et al.[41] have shown that 𝛽-carotene signiﬁcantly
improved cognitive function in the elderly. In addition, Junichi
et al.[40] reported that 𝛽-carotene inhibited the oligomerization of
A𝛽, therefore proposing a direct interaction between 𝛽-carotene
and A𝛽. EGCG is abundantly found in green and white tea, with
smaller amounts also found in black tea and it is known for its potent antioxidant properties. Rezai-Zadeh et al.[45] studied EGCG
interactions with A𝛽25–35 and found that it reduces A𝛽 generation in neuron-like cells and that EGCG resulted in a decrease
of A𝛽 levels and plaques in transgenic mice. Bieschke et al.,[43]
on the other hand, demonstrated that EGCG can bind to A𝛽 aggregates and convert them into smaller, amorphous protein aggregates which are non-toxic to mammalian cells. Similar results
were obtained by Ehrnhoefer et al.[42] showing that EGCG directly
binds to the peptide and inhibits ﬁbrillogenesis. Interestingly,
Zhang et al.[52] utilized atomistic simulations of A𝛽 interacting
with EGCG to show that in its presence, A𝛽 peptides were found
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to have a decrease in 𝛽-sheet content and an increase in coil and
𝛼-helix conformation.
The goal of this study is to determine if these naturally occurring molecules can change the size and volume fraction of
A𝛽 clusters. While some of the natural compounds were reported to interact with A𝛽 directly, our hypothesis is that these
molecules can potentially aﬀect peptide aggregation through
an indirect, membrane-mediated pathway. We, therefore, ﬁrst
checked if these molecules are membrane active and spontaneously partition in a synthetic brain membrane. We found that
the diﬀerent compounds have very diﬀerent eﬀects on A𝛽 aggregates: the addition of certain molecules resulted in clusters
which were found to be expelled from the membrane and formed
cross-𝛽 sheets or amyloid ﬁbrils outside the membranes, whereas
other molecules were found to be able to break up the cross-𝛽
sheets into smaller 𝛽-sheets or even dissolve cross-𝛽 sheets and
𝛽-sheets.

2. Experimental Section
2.1. Brain Membrane Mimics Preparation
All molecules used in this study are depicted in Figure 2. Synthetic anionic brain membranes were prepared from unsaturated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and saturated, anionic 1,2-dimyristoyl-sn-glycero-3-phospho-Lserine (DMPS). The peptide segment A𝛽25–35 was added at a
peptide concentration of 20 mol% (peptide-to-lipid ratio), which
spontaneously lead to the formation of nano to micrometersized cross-𝛽 amyloid plaques.[53,54] Solid supported membranes were prepared for the microscopy and X-ray experiments and liposomes were used in the UV–vis spectroscopy
experiments.

2.2. Liposome Preparation
Solutions of POPC and DMPS at a concentration of 20 mg of
lipid per mL of solvent were each dissolved in ultrapure (18.2
MΩ cm) water and sonicated for 30 min. The amyloid-𝛽 peptides
were prepared by pre-treatment with triﬂuoroacetic acid (TFA) to
disaggregate the peptide, as described in [55] . This pre-treatment
included dissolving the peptide in a 1 mg mL−1 solution of TFA,
sonicating with a tip sonicator for four 3 s intervals, and then removing the solvent through evaporation using dry nitrogen gas.
The peptides were then re-dissolved in ultrapure water at a concentration of 20 mg mL−1 .[53,54,56,57] Stock solutions of resveratrol,
caﬀeine, 𝛽-carotene, and EGCG were prepared at concentrations
of 20 mg mL−1 and each solution was sonicated and vortexed until homogeneous. Liposomes of POPC and DMPS (97:3 mol per
mol%) were prepared with 20 mol% of A𝛽25–35 and incubated for
2 h. After incubation, 5 mol% of resveratrol, caﬀeine, 𝛽-carotene,
or EGCG were added to each sample, vortexed until homogenous and incubated overnight. It was important to note that when
lipids were dissolved in water, they spontaneously formed large
multilamellar vesicles (MLVs). By sonication of the lipid solution, small, unilamellar vesicles (SUVs) were produced. When
each molecule was then added, they interacted and embedded
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Figure 2. Schematic representation of all compounds used in this study: 1palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dimyristoylsn-glycero-3-phosphoserine (DMPS), resveratrol (C14 H12 O3 ), caﬀeine
(C8 H10 N4 O2 ), 𝛽-carotene (C40 H56 ), EGCG (C22 H18 O11 ), and amyloid𝛽25–35 (C45 H81 N13 O14 S).

into these SUVs. These solutions were then directly used for the
UV–vis spectroscopy measurements.
2.3. Supported Membrane Preparation
In order to produce solid supported membranes, the prepared
liposomes were applied on solid support for the microscopy and
X-ray experiments. They were placed on single-side polished
silicon wafers. 100 mm diameter, 300 μm thick silicon wafers
were pre-cut into 1 × 1 cm2 chips. The wafers were ﬁrst pretreated by sonication in dichloromethane at 35 ◦ C for 30 min to
remove all organic contamination and leave the substrates in a
hydrophobic state. Each wafer was thoroughly rinsed three times
by alternating with ≈50 mL of distilled water and methanol.
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The heating block was heated to 40◦ C, 65 μL of lipid solution
was applied on each wafer, and the water was allowed to slowly
evaporate for ≈10 min. After drying, the bilayers were incubated
and rehydrated in a saturated K2 SO4 solution overnight at 30 ◦ C,
which provided 97% relative humidity (RH). This procedure
resulted in highly oriented membrane stacks that uniformly
covered the silicon substrates.[53,54,56,57]

2.4. Molecular Dynamics Simulations
Molecular dynamics (MD) simulations were performed to study
the interaction between the natural compounds and synthetic
brain membranes. All simulations were run in-house on MacSim, a GPU-accelerated workstation containing 20 physical Intel
XeonCPU cores and two GeForce GTX 1080 TI graphics cards, totalling to 7200 CUDA cores. A system containing 256 POPC and
7 DMPS lipids evenly sectioned across each leaﬂet was prepared
using the CHARMM-GUI builder. The system was equilibrated
at a hydration of 25 water molecules per lipid molecule for 200 ns
before the natural compounds were added into the water layer by
a modiﬁed InﬂateGRO algorithm for multicomponent bilayers.
Topologies for all systems were generated with the CHARMM
General Force Field (CGenFF) program. All simulations were
performed using the GROMACS 5.1.4 software package,[58,59] utilizing the CHARMM36 force ﬁeld. All simulations used a 2 fs
time step, periodic boundary conditions in all directions, a shortrange van der Waals cutoﬀ of 1.2 nm, the particle-mesh Ewald solution for long-range electrostatics,[60] and the LINCS algorithm
for determination of bond constraints.[61] A Nose–Hoover thermostat at 30 ◦ C (with a time constant of 𝜏 = 1 ps) was used
for temperature coupling,[62] while a Parrinello–Rahman semiisotropic weak pressure coupling scheme was used to maintain a
pressure of 1.0 bar (with a time constant of 𝜏 = 1 ps).[63] The position of the molecules was restrained during volume (NVT) and
pressure (NPT) equilibration to avoid free space bias as systems
were reduced. Restraints were removed during 200 ns simulation. A total of 2 μs of simulations were run including 200 ns long,
all-atom simulation runs for all compounds. Standard GROMACS scripts were used to extract the membrane width and the
deuterium order parameter of the diﬀerent membrane assays
from the MD trajectories.

2.5. Microscopy
Fluorescent and optical microscopy were conducted using an
Eclipse LV100 ND Microscope from Nikon in the Origins of
Life Laboratory at McMaster University. The instrument was
equipped with a Tu Plan Fluor BD 50× objective with a numerical aperture of 0.8. Images were recorded using a Nikon DS-Ri2
Camera with a resolution of 4908 × 3264 pixel and a pixel-size of
7.3 × 7.3 μm. The camera was mounted via a 2.5× telescope to the
microscope. All images were recorded in episcopic illumination
mode using a halogen lamp. Due to the high numerical aperture,
the objective has a small depth of focus. This setup allows to measure 3D images to determine height proﬁle and topology. In order to record a uniform sharp image, the Nikon control software
(NIS Elements, Version 4.60.0) was used to record an extended
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depth of focus (EDF) image by combining multiple images with
diﬀerent focal planes. Bright ﬁeld, dark ﬁeld, and ﬂuorescent images were taken for all samples. A B-2A long pass emission ﬁlter
cube was used with an excitation wavelength of 450–490 nm and
a long-pass analyzing ﬁlter with a barrier wavelength of 520 nm.
Due to their auto-ﬂuorescence, peptides light up in the ﬂuorescent picture. Phospholipids, on the other hand, barely emit a ﬂuorescent signal such that A𝛽 enriched regions can be identiﬁed on
the ﬂuorescent image. This technique has been used previously
to study A𝛽 peptide-rich areas in POPC/DMPS bilayers.[53]

2.6. X-Ray Diﬀraction
X-ray diﬀraction data was obtained using the Biological Large
Angle Diﬀraction Experiment (BLADE) at McMaster University.
BLADE used a 9 kW (45 kV, 200 mA) CuK𝛼 rotating anode at
a wavelength of 1.5418 Å using a Rigaku HyPix-3000 2D semiconductor detector with an area of 3000 mm2 and 100 μm pixel
size.[54] Diﬀraction measurements were conducted under controlled temperature and humidity conditions (30 ◦ C, 98% RH)
in a custom-built humidity chamber. The highly oriented membranes were aligned in the diﬀractometer such that the vertical
axis (qz ) in the 2D scans was aligned perpendicular to the membranes and detected structure normal to the bilayers. Molecular
structure in the plane of the membranes was detected along the
horizontal axis (q|| ). Using this setup, in-plane and out-of-plane
structures can be determined separately but simultaneously. All
samples were prepared and measured in replicates to check for
consistency. The data presented in this work were the result of
individual diﬀraction experiments conducted on individual
membrane samples. Several samples were prepared for each
compound and preparation protocols were reﬁned until the experimental results between diﬀerent samples of the same compound gave not more than 3% deviation. These results were taken
to determine the total experimental errors.
The lamellar spacing, that is, the distance between membranes
in the membrane stack (the thickness of the membrane plus water layer) was directly determined from the spacing of the lamellar Bragg peaks. The membrane thickness, deﬁned as the distance between the head groups of the bilayers, was determined
from the electron density, 𝜌e along the bilayer normal, which was
calculated through a Fourier transform of the integrated peak intensities.
To determine the degree of orientation of the membranes, the
correlation peak intensities were integrated as a function of the
meridional angle 𝜑 (the angle relative to the qz axis, as sketched in
Figure 5a). The corresponding intensity was ﬁt with a Gaussian
distribution centered at 0, which was then used to calculate the
degree of orientation using Hermans orientation function

H=

3 < cos2 𝛿 > −1
2

(1)

H = 1.0 corresponded to lipids which were perfectly parallel to
each other within the bilayer (hyperordered), whereas H = 0.25
corresponded to a membrane with lipids in complete disorder.
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Figure 3. Snapshots of the MD simulations at diﬀerent times for all compounds. a) Resveratrol and b) caﬀeine spontaneously partition in the membranes
and position in the head group region of the bilayers. c) 𝛽-carotene and d) EGCG molecules were found to cluster in the water layer outside the membranes
before entering the bilayers. While EGCG clusters were found in the head group region, 𝛽-carotene clusters eventually penetrate the membranes and
partition in the hydrophobic membrane core.

2.7. UV–Visible Spectroscopy

3. Results

UV–vis spectroscopy was conducted using a Nanophotometer
(IMPLEN NP80). Liposome samples were used with the addition
of trace amounts of ThT to each sample. The ThT assay is commonly used for the detection of amyloid ﬁbrils.[64] The ThT class
of molecules had several binding sites and bound to cross-strand
ladders that were inherent in repeating side-chains interactions
running across the 𝛽-strands within a 𝛽-sheet layer.[65–67] First,
liposomes of POPC/DMPS (97:3 mol/mol%) were prepared and
added 20 mol% A𝛽25–35 and ThT to form peptide aggregates. Because ThT can accelerate deposition of A𝛽 peptides,[68] experiments without the presence of compounds were conducted over
a period of 24 h to check for aggregation. Samples of A𝛽25–35
were mixed in a 1.5 mL ﬂask and kept in a shaking incubator
at 37 ◦ C. Aliquots were taken and placed in a cuvette at each time
point. ThT was then added to the aliquot and a measurement
was conducted. As ThT was found to induce aggregation, which
plateaued out after 12 h,[54] all measurements were conducted
12 h after ThT deposition at 30 ◦ C and all data were normalized
to the ThT reference.
The corresponding spectrum shows absorption at 420 nm,
characteristic of cross-𝛽 sheets. After a stable ﬂuorescence was
reached, appropriate volumes of resveratrol, caﬀeine, 𝛽-carotene,
and EGCG were added to the solution. Water was used as a blank,
and ﬁve 1.2 μl sample measurements were taken for each compound. Complete wave scans were measured and normalized for
a wavelength range of 200–800 nm, and ThT absorption around
a wavelength of 420 nm was monitored for each solution.

3.1. Molecular Dynamics Simulation
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Snapshots of the MD simulations are shown in Figure 3 for (a)
resveratrol, (b) caﬀeine, (c) 𝛽-carotene, and (d) EGCG at diﬀerent times. Videos of the full simulations are provided as Supporting Information. All compounds were found to spontaneously
partition into the membranes within the ﬁrst 150 ns of the simulations. The smaller molecules, resveratrol and caﬀeine, were
found to mainly position in the head–tail interface of the membranes while some were also temporarily found inside the hydrophobic core. The larger molecules, 𝛽-carotene and EGCG,
were found to cluster in the water layer outside the membrane
before making contact and partitioning. While EGCG molecules
stay attached to the head group region, the 𝛽-carotene clusters
eventually enter the membrane core (Figure 3c) and form stable transmembrane clusters. From the MD simulations one can
conclude that all compounds are membrane active and spontaneously partition in the synthetic brain membranes. Membrane
width (deﬁned as the head group–head group distance) and the
deuterium order parameter for all compounds were determined
and are listed in Table 1. The deuterium order parameter is a measure of the mobility of the lipid acyl tails in the membrane core
and was averaged for carbon atoms 7–16 in the POPC tails, in
the center of the membrane core. While resveratrol and caﬀeine
did not have a signiﬁcant eﬀect on the order parameter within
the resolution of the simulations, 𝛽-carotene led to an increase of
the lipid tail order, likely as a consequence of the transmembrane
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Table 1. Structural membrane parameters for membranes containing diﬀerent compounds with and without A𝛽25–35 .
Pure membrane

Membrane with A𝛽25–35

Membrane thickness [Å]

Membrane orientation
[%]

Deuterium order
parameter

Membrane thickness [Å]

Membrane orientation
[%]

37.2 ± 0.2#

74 ± 1.0#

0.149 ± 0.002∗

37.6 ± 0.2#

74 ± 1.0#

96 ± 0.4#

0.144 ± 0.002∗

38.8 ± 0.2#

80 ± 1.3#

94 ± 0.7#

0.146 ± 0.002∗

38.3 ± 0.2#

84 ± 0.7#

81 ± 1.2#

0.155 ± 0.002∗

38.5 ± 0.2#

76 ± 0.5#

74 ± 1.8#

0.143 ± 0.002∗

37.1 ± 0.2#

71 ± 1.2#

POPC/DMPS

37.6 ±
+Resveratrol

41.2 ± 0.2#
38.3 ±

+Caﬀeine

0.2∗

37.4 ± 0.2#
38.8 ±

+EGCG

0.2∗

37.8 ± 0.2#
38.3 ±

+𝛽-Carotene

0.2∗

0.2∗

37.0 ± 0.2#
38.3 ±

0.2∗

Parameters determined from MD simulations are marked with an asterisk (*) and results from X-ray diﬀraction with an (# ). While MD simulations were conducted in the
absence of A𝛽, experimental parameters were obtained both with and without the peptide.

clusters, which constraint motion of the lipid tails. Lastly, EGCG
led to an increase in lipid tail mobility.

ﬂuorescent image shows smaller peptide-rich membrane areas.
In contrast to the pure POPC/DMPS membranes, these areas appear more uniformly distributed.

3.2. Microscopy
Microscope images for all compounds are shown in Figure 4. All
microscope images were recorded as 3D images that include information about sample height and topology. Figure 4a shows
a bright ﬁeld image of pure a POPC/DMPS sample, which exhibits a smooth and aggregate free surface. The membranes
form homogeneous plateaus of about 50 μm in size. The corresponding height proﬁle was determined from the 3D microscope images and a total surface height variation of ±4 μm was
found (Figure S1a, Supporting Information). The addition of
20 mol% A𝛽25–35 resulted in the formation of peptide-rich areas, which emit a strong ﬂuorescence signal and are clearly visible on the ﬂuorescent image. The addition of resveratrol in
Figure 4b resulted in larger homogeneous membrane plateaus
(about 100 μm in size), with larger height diﬀerences between
neighboring plateaus. The height proﬁle (Figure S1b, Supporting
Information) shows a height diﬀerence of 25 μm between highest and lowest points. In the presence of A𝛽25–35 , large peptiderich clusters are observed in the ﬂuorescent image. From the 3D
image (Figure S2a, Supporting Information), these clusters are
located on the surface of the membrane stack.
The addition of caﬀeine to the POPC/DMPS membranes in
Figure 4c resulted in a smoother membrane surface, with a
height variation of ±2 μm. The A𝛽25–35 peptides were found to
form pronounced amyloid ﬁbrils, which are located on top of
the membranes (Figure S2b, Supporting Information). Large 𝛽carotene-rich membrane areas were observed in Figure 4d and
Figure S1d, Supporting Information, which can easily be identiﬁed by their orange color. After the addition of A𝛽25–35 , peptiderich and 𝛽-carotene-rich areas become visible, which are evenly
distributed. Lastly, large patches were observed in Figure 4e, that
we tentatively assign to EGCG clusters. These areas embedded
into the membranes by about 25 μm (Figure S1e, Supporting Information). When added to membranes containing A𝛽25–35 , the
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3.3. X-Ray Diﬀraction
The result of the X-ray measurements are 2D diﬀraction maps
for all compounds, that cover the signals of the membranes and
the A𝛽 peptides, as shown in Figure 5a. Initial powder scattering
of A𝛽 showed two diﬀuse bands in resultant reciprocal space corresponding to distances of 4.8 and 10 Å , respectively. Such signals agree with a pattern of 𝛽-strands running in-register to one
another, as shown in Figure 5a. The X-ray diﬀraction pattern of
cross-𝛽 sheets consists of two signals. The ﬁrst peak, corresponding to a length scale of 10 Å represents the interactions that happen in between 𝛽-sheets, and are indicative of cross-𝛽 sheets. The
length scale of 4.8 Å represents the interactions within a single
𝛽-sheet. The X-ray experiments, therefore, provide two signals:
one from the presence of 𝛽-sheets and a second one when these
𝛽-sheets organize into cross-𝛽 sheets. The integrated intensity of
the signals is a direct measure of the volume fraction of the corresponding structures. Additional signals (in the left bottom corner, at small q|| and qz values) occur in the 2D data related to the
lamellar stacking of the bilayers. The packing of the acyl tails in
the hydrophobic membrane core leads to an in-plane signal at
about 4.6 Å (q|| = 1.5 Å−1 ), as described in ref. [69].
Diﬀraction of the pure POPC/DMPS membranes is shown in
Figure 5b. A series of well-developed Bragg peaks along qz is the
signature of well-organized lamellar membranes. The more diffuse circular intensity around the reﬂectivity Bragg peaks is the
result of local membrane curvature. Membrane width and membrane orientation were determined from the out-of-plane scattering data (as detailed in the Experimental Section) and the corresponding values are listed in Table 1. A single lipid peak at
q|| ∼1.5 Å−1 is indicative of a homogeneous mixing of the two
lipid components, without any phase separation. The addition of
20 mol% A𝛽25–35 resulted in the formation of cross-𝛽 sheets and
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Figure 4. Microscope images of membranes with the addition of diﬀerent
compounds. a) POPC/DMPS formed a smooth and aggregate free surface. Addition of A𝛽 resulted in the formation of peptide-rich areas in the
ﬂuorescent image. b) Resveratrol resulted in larger membrane plateaus
and large peptide-rich clusters, located on top of the membranes. c)
Caﬀeine formed uniform and homogeneous membranes while well pronounced peptide ﬁbrils were observed in the presence of A𝛽. d) Large
𝛽-carotene-rich areas were found, and the addition of A𝛽 25–35 , resulted
in peptide-rich and 𝛽-carotene-rich areas, which are evenly distributed. e)
Large patches are observed with EGCG, which are likely to be enriched
in such compounds. Peptide-rich, uniformly distributed membrane areas
were found with the addition of A𝛽.
Mol. Nutr. Food Res. 2020, 2000632

Figure 5. 2D X-ray diﬀraction for all compounds. a) In addition to signals
from the membranes, two peptide signals are observed and assigned to
the presence of cross-𝛽 sheets (at 10 Å) and 𝛽-sheets (at 4.8 Å). The Bragg
peaks were radially integrated along the meridional angle 𝜑 to determine
Hermans orientation function. b) Pure POPC/DMPS membranes show
membrane signals related to the stacking of the bilayers in the membrane
stack, and the packing of the acyl chains in the hydrophobic membrane
core. Signals related to the formation of cross-𝛽 and 𝛽-sheets appear after
the addition of 20 mol% A𝛽25–35 . Well-organized membranes also form in
the presence of c) resveratrol, d) caﬀeine, e) 𝛽-carotene, and f) EGCG, in
agreement with the MD simulations. While cross-𝛽 and 𝛽-sheet signals
are still visible after the addition of resveratrol and caﬀeine, there is a signiﬁcant decrease in the cross-𝛽 signal with 𝛽-carotene and a signiﬁcant
decrease in cross-𝛽 and 𝛽-sheet signals with EGCG.
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Figure 6. Integrated intensities of the a) 𝛽-sheet b) and cross-𝛽 sheet peptide signals as determined from the X-ray diﬀraction data in Figure 3. All
compounds led to a slight decrease in 𝛽-sheets. A signiﬁcant decrease in cross-𝛽 signal was observed for 𝛽-carotene, indicating that 𝛽-carotene is able
to break up cross-𝛽 sheets, however, not 𝛽-sheets. No 𝛽-sheet or cross-𝛽 sheet signal was detected for EGCG indicating that EGCG completely dissolved
the corresponding structures within the resolution of the experiment.

the corresponding signals appear in the diﬀraction pattern. The
2D data were integrated and converted into line scans, shown
as insets. The yellow peak represents 𝛽-sheet interactions, and
red peaks represent cross-𝛽 sheet interactions. The volume fraction of peptides in 𝛽 and cross-𝛽 sheets are directly proportional
to the corresponding integrated peak intensities. Values for all
compounds are plotted in Figure 6.
Homogeneous membranes formed when resveratrol was
added in Figure 5c, as indicated by the absence of additional signals or splitting of existing peaks, in agreement with the MD results. The broadening of the Bragg peaks is likely a sign of less
well-organized membrane stacks, as also seen in the microscope
images. Cross-𝛽 and 𝛽-sheets signals appeared when A𝛽25–35 was
added. Also the addition of 𝛽-carotene in Figure 5d did not disrupt the formation of membranes and a well-ordered lamellar
membrane phase. However, a signiﬁcant decrease in the cross𝛽 signal is observed in the presence of A𝛽. EGCG is also well
absorbed by the brain membrane mimics in Figure 5e, in agreement with the computer simulations. The absence of cross-𝛽 and
𝛽-sheet signals with A𝛽, however, points to a disaggregation of
the peptide aggregates.
By comparing the integrated cross-𝛽 and 𝛽-sheet signals in Figure 6, all compounds resulted in a slight decrease in the amount
of 𝛽-sheets present. In addition, 𝛽-carotene and EGCG resulted
in a decrease of cross-𝛽 sheets with no cross-𝛽 sheet signal being
detected for EGCG.
Values for membrane thickness and membrane orientation
are listed in Table 1. While a membrane orientation of 100% is
indicative of perfectly ﬂat and stiﬀ membranes, smaller values
are the result of increased membrane ﬂuidity and increased local curvature. In agreement with the MD simulations, resveratrol
and caﬀeine induced thickening of the membranes and a significant decrease of membrane ﬂuidity. 𝛽-carotene and EGCG, on
the other hand, both slightly reduced membrane thickness and
increased ﬂuidity of the bilayers.
There was no diﬀerence in membrane thickness and ﬂuidity
in the presence of A𝛽 aggregates for the pure membrane. The addition of resveratrol and caﬀeine in led to a slight thickening of
the membranes, and an increase of local membrane curvature,
likely induced by the formation of extracellular amyloid aggregates and ﬁbrils. The value for the membrane orientation with
𝛽-carotene of is signiﬁcantly lower than the membrane orientation in the pure membranes likely indicating some bending to
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accommodate the peptide aggregates. The membranes containing peptides and EGCG were signiﬁcantly thinner with increased
local curvature, as compared to all other compounds.
3.4. UV–Visible Spectroscopy
The thioﬂavin T (ThT) ﬂuorescence assay is frequently used for
the detection of amyloid-𝛽.[70] ThT is a 𝛽-sheet ligand which binds
to amyloid ﬁbrils such that their long axes are parallel, running
along the length of the 𝛽-sheet.[71] The corresponding spectra for
all compounds in Figure 7 show a peak in absorbance around
420 nm, characteristic of 𝛽-sheets. While the addition of resveratrol in Figure 7a was found to lead to a slight increase in the
ﬂuorescent signal, a signiﬁcant increase was observed after the
addition of caﬀeine. This is likely the result of the formation of
ﬁbrillar structures, as seen in the microscope images, which increase ThT binding. Approximately no change was observed in
the signal of 𝛽-carotene, and a decrease in 𝛽-sheet signal was observed with the addition of EGCG.
We note that the UV–vis measurements were conducted using
liposomes made of POPC/DMPS containing 20 mol% A𝛽25–35 .
The diﬀerent compounds were then added to the liposome solution. This liposome assay was prepared to conﬁrm the ﬁndings in
a more cellular context. Diﬀerences in the observations and measured parameters between the results from the X-ray diﬀraction
will be discussed in detail below.

4. Discussion
Natural compounds including resveratrol, caﬀeine, 𝛽-carotene,
and EGCG have been reported to inhibit A𝛽 formation and aggregation, but the exact mechanisms are often unclear. Some compounds have been shown to interact with A𝛽 peptides directly,
but it is uncertain whether this is due to the experimental setup
or due to natural interactions. For instance, Wang et al.[28] reported that both resveratrol and EGCG interact directly with A𝛽
either via a sequence speciﬁc interaction, in the case of EGCG, or
via a hydrophobic side-chain association, in the case of resveratrol. Similarly, Sharma and Paul[36] reported a similar interaction
between A𝛽 and caﬀeine, where caﬀeine interacts with the aromatic residues found in the peptide, thus restricting its interaction with other peptides. These results were obtained from MD
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Figure 7. ThT absorbance spectra for membranes containing A𝛽25–35 in the presence of a) resveratrol, b) caﬀeine, c) 𝛽-carotene, and d) EGCG. Spectra
of pure POPS/DMPS + 20 mol% A𝛽25–35 are plotted as reference in black. Resveratrol and caﬀeine led to an increase in the ThT signal, which is indicative
of an increase in 𝛽-sheet and cross-𝛽 sheet structures. Lastly, while no change was observed for 𝛽-carotene, the 𝛽-sheet signals were found to decrease
after the addition of EGCG.

simulations which only contained the peptide and the compound
and may, therefore, overestimate the corresponding interactions.
This is similar to the case of A𝛽 and 𝛽-carotene, where aggregation experiments were conducted using only the peptide and the
compound, perhaps overestimating a potential interaction.[40]
In this study, we explored a diﬀerent pathway for interaction and investigated a potential membrane-mediated interplay.
Such an interaction can occur when both the compound and the
peptide aggregates partition in membranes at the same time.
This is, in particular, the case for the early stages of A𝛽 plaque
formation, which have been reported to occur through membrane interactions.[22,72] These include elastic interactions, such
as membrane bending and distortions, as well as changes in
membrane ﬂuidity, which can all signiﬁcantly change aggregation forces.[53,69,72,73]
This work uses synthetic membrane mimics to investigate a
membrane-mediated interaction between resveratrol, caﬀeine,
𝛽-carotene, and EGCG with A𝛽25–35 aggregates, which form
through their interaction with lipid membranes. The A𝛽25–35
fragment is primarily hydrophobic and embeds itself into the
hydrophobic core of the membrane and is considered the
membrane-active segment, often used in membrane studies.
Such simplistic systems are typically used in a biophysical approach. A reduction in the number of parameters and variables
goes along with a high, molecular resolution. While using human tissue and the full-length peptides A𝛽1–40 and A𝛽1–42 for
these experiments is certainly of greater physiological relevance,
it is very diﬃcult to conduct simulations and experiments in
these systems and uniquely assign signals to the diﬀerent molecular components and processes. Also, while the diﬀerent food
types contain more compounds than just the molecules that we
investigated, a simplistic approach gives a higher level of molecular information.
We note that while the MD simulations provided a very detailed picture of the interaction between the compounds and the
membranes, MD simulations were not conducted to study the
interaction between the compounds and A𝛽 aggregates. Modeling peptide aggregation in computer simulations, and the corre-
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sponding changes in secondary peptide structure, is a challenging task even on today’s supercomputers, which require large systems, long simulation times, and in particular, the exact knowledge of the underlying force ﬁelds.[74–76]
From the MD simulations, all compounds were found to be
membrane active and to mainly partition in the head group region of the membranes, with the exception of 𝛽-carotene which
formed transmembrane domains. While some compounds, such
as resveratrol and caﬀeine, led to membrane thickening and reduced ﬂuidity, 𝛽-carotene and EGCG both made the membranes
more ﬂuid and thinner. This was conﬁrmed by microscopy and Xray data. It is important to note that none of the compounds were
found to disrupt the bilayers or led to pore formation at the concentrations used. In summary, while resveratrol and caﬀeine dissolved in the membranes and made them thicker and less ﬂuid,
𝛽-carotene and EGCG were found to have a tendency to aggregate and form separate, enriched membrane domains, making
the membranes thinner and more ﬂuid.
When comparing these ﬁndings with the current literature it
becomes evident that no conclusive statements can be proposed.
Caﬀeine for instance was previously reported to reduce membrane ﬂuidity, increase membrane thickness, and attract water
molecules.[77] Resveratrol has been found to permeate the membrane both in the acyl region and in the head group region of the
membrane, as well as to have a membrane ﬂuidizing eﬀect.[78]
Similarly, Neves et al.[79] found that resveratrol may either make
the membrane ﬂuid or stiﬀ, depending on its ﬂuidity state, thus
resembling cholesterol. Previous studies have reported that 𝛽carotene inserts itself into the membrane, having its polar groups
anchored in the opposite polar zones of the membrane and that
it rigidiﬁes the ﬂuid phase of the membrane.[80] Conversely, it
has been found to be oriented deep inside the hydrophobic membrane, parallel to the membrane surface.[81] Lastly, 𝛽-carotene
has also been found to form aggregates in the membrane.[82]
The literature on EGCG’s interaction with the lipid bilayer is
somewhat scarce. Sun et al.[83] have reported that it readily binds
to the membrane and that it solubilizes lipid molecules without
forming pores, while Tamba et al.[84] have reported that it leads
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to the gradual leakage of internal contents. However, even
though these compounds have been reported to have various
diﬀerent eﬀects on the membrane, it is still important to note
that they may also exhibit physiological eﬀects that have not been
taken into account in this study. For instance, it is known that
polyphenols, such as resveratrol and EGCG, respond in a dosedependent manner, a process termed hormesis (for a review see
refs. [85, 86]). Thus, investigating the eﬀects of these compounds
at diﬀerent concentrations may be of extreme importance.
The diﬀerent compounds were found to have distinct eﬀects
on A𝛽 plaques. A summary of the interpretation of the experimental ﬁndings is shown in Figure 8. Micrometer-sized cross-𝛽
sheets were observed at elevated concentrations of A𝛽. Peptiderich areas appeared on the ﬂuorescent microscope images and
𝛽-sheet and cross-𝛽 signals were visible in the X-ray experiments.
This cross-𝛽 sheet structure is in agreement with the structure of amyloid ﬁbrils reported in the literature[18,19] and small,
nanometer-sized membrane embedded 𝛽-sheets have been proposed to serve as nuclei for extracellular ﬁbril growth.[17] In summary, the presence of lipid membranes seems crucial in triggering or accelerating amyloid aggregation.[22,87–90]
Peptide-rich clusters were found to form on top of the membranes in the presence of resveratrol, consisting of 𝛽-sheets and
cross-𝛽 sheets. Caﬀeine was found to expel the peptides from the
membranes, leading to the formation of pronounced amyloid ﬁbrils, which can be clearly seen on the microscope images and by
their distinct 𝛽-sheet and cross-𝛽 signals. As the X-ray measurements provide two separate signals on the length scale of cross-𝛽
sheets (the 10 Å signal) and 𝛽-sheets (signal at 4.8 Å), the impact of the diﬀerent molecules can be studied for both structures
separately but simultaneously. Lastly, both 𝛽-carotene and EGCG
were found to reduce the size and volume fraction of the A𝛽 aggregates.
The UV–vis experiments using liposomes in solution corroborate and validate these ﬁndings in a cellular context. The addition of resveratrol and caﬀeine to the liposomes containing A𝛽
plaques led to an increase in the ThT absorbance related to an enhancement of the 𝛽-sheet structure. Conversely, a decrease in the
420 nm signal was observed when EGCG was added to the liposome solution, and almost no change was observed with the addition of 𝛽-carotene. While these observations are in agreement
with the ﬁndings in the membrane stacks, the 𝛽-sheet signals
show much smaller decreases. This is likely due to the fact that
the membrane assay may overestimate the partitioning of the different compounds. When the stacks are prepared, the molecules
are trapped in a relatively thin, about 2 nm thick, water layer between the stacked membranes and interact with them on a short
timescale. When the molecules are added to the liposome solution, however, the equilibrium between molecules adsorbed to, or
absorbed into the bilayers with respect to molecules in solution
is likely shifted toward the dissolved molecules. This may result
in a smaller partitioning coeﬃcient, leading to a smaller eﬀect,
as observed.
The experimental and computational observations led us to
the following conclusion: Thickening and stiﬀening of the membrane resulted in the expulsion of the peptide aggregates, as observed for resveratrol and caﬀeine. Thinning and ﬂuidiﬁcation
of the membranes dissolved the 𝛽- and cross-𝛽 sheets in the
presence of EGCG. 𝛽-carotene presents a somewhat intermedi-
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Figure 8. Summary and interpretation of ﬁndings. The diﬀerent compounds change membrane thickness and membrane ﬂuidity, which impact
A𝛽 aggregation in diﬀerent ways. Values for membrane width and orientation were determined from X-ray diﬀraction. a) A𝛽25–35 displays the classic aggregation model. b) Resveratrol and c) caﬀeine make membranes
thicker, less ﬂuid, and expel the A𝛽 peptides from the membrane leading to the formation of plaques and ﬁbrils located on top of the membranes. d) 𝛽-carotene partially preserves membrane ﬂuidity and smaller
A𝛽 domains made of 𝛽-sheets are observed. Lastly, e) EGCG preserves
membrane thickness and ﬂuidity and was found to dissolve 𝛽- and cross𝛽 sheets.

ate case as it did increase ﬂuidity, however, also formed transmembrane aggregates inside the membranes, which resulted in
breaking up cross-𝛽 sheets into small 𝛽-sheets. At this point,
the full mechanism for membrane-mediated A𝛽 aggregation remains elusive. However, from our current understanding, membranes provide a crucial framework for the processes involved
in aggregation. At the early stages of peptide aggregation, the bilayer oﬀers a site of high stability for the A𝛽 monomers, which allows neighboring peptides to coordinate hydrogen-bonding and
folding and uncoiling of the peptide to form more stable 𝛽- and
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cross-𝛽 sheets. These processes make the membrane a key component in the nucleation of peptide aggregates.
Membrane properties, such as thickness, ﬂuidity, spontaneous
curvature, and elastic constants, reduce the Gibbs energy for aggregation by providing the A𝛽 peptide an environment which
reduces the entropy of the aggregated peptide. An increase in
membrane ﬂuidity can in particular reduce the hydrophobic mismatch that occurs when the hydrophobic region of the peptides is
larger or smaller than the bilayers’ hydrophobic thickness, which
causes each monolayer leaﬂet to distort in order to ensure the
entire hydrophobic region of the peptide is contained within the
hydrophobic core. The ﬁndings in this work further support this
model. Amyloid plaques are still a prime target for pharmaceutical development as existing pharmaceutical approaches are still
mostly focused on the design and synthesis of therapeutics to inhibit pathological oligomerization of A𝛽 and tau proteins. This
approach should likely include drug candidates that target the
membrane environment to explore if they can inhibit and potentially even reverse the formation of amyloid clusters.
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5. Conclusions
Micrometer-sized peptide aggregates consisting of cross-𝛽 sheets
of A𝛽25–35 were created in synthetic brain membranes, which
resemble the plaques of Alzheimer’s patients. We studied the
impact of resveratrol, caﬀeine, 𝛽-carotene, and EGCG, on these
amyloid aggregates using optical and ﬂuorescence microscopy,
X-ray diﬀraction, UV–vis spectroscopy, and molecular dynamics
(MD) simulations. All compounds were found to be membrane
active and spontaneously partitioned in the synthetic brain membranes. While resveratrol and caﬀeine led to membrane thickening and reduced membrane ﬂuidity, 𝛽-carotene and EGCG preserved or increased ﬂuidity, respectively. In the presence of A𝛽
plaques, resveratrol and caﬀeine did not reduce the volume fraction of cross-𝛽 sheets but led to their expulsion from the membranes. 𝛽-carotene signiﬁcantly reduced plaque size and volume
fraction of cross-𝛽 sheets by 80%, while keeping the number of
𝛽-sheets constant. Lastly, EGCG signiﬁcantly decreased cross-𝛽
and 𝛽-sheet signals, indicative of the dissolution of peptide aggregates.
It has become clear that membranes may play a crucial role
in the early stages of peptide aggregation in Alzheimer’s disease. While the compounds used in this study were all ingredients of natural products, synthetic molecules will also
be designed and tested in the future to develop a new, indirect, membrane-mediated pathway for the development of antiAlzheimer’s drugs.
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