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ABSTRACT: The damaging effect of amyloid-β (Aβ) on cellular
membranes is an essential factor that contributes to Aβ’s
neurotoxicity in Alzheimer’s disease. In this work, we explore the
role of trehalose sugar in protecting model lipid membranes
composed of DPPC-POPC-Cholesterol against Aβ toxicity. We
used localized surface plasmon resonance (LSPR) spectroscopy
and conducted a quantitative analysis to study the influence of
trehalose on Aβ-membrane interactions. The LSPR data indicate
that trehalose can effectively reduce the level of binding of Aβ to
the lipid membrane, indicating its protective role against amyloid
toxicity. Additionally, atomic force microscopy (AFM) was used to visualize the lipid membranes supported on the LSPR sensors
and to elucidate the effect of trehalose on membrane morphology. The ability of trehalose to alter the physical properties of model
membranes is discussed in relation to its protective role against Aβ during dehydration.

■ INTRODUCTION
Trehalose, a natural disaccharide that can be found in plants
and microbes,1 is being investigated for the treatment of
neurodegenerative diseases involving misfolded proteins in
pathogenesis, such as amyotrophic lateral sclerosis (ALS),
Huntington’s disease, and Alzheimer’s disease (AD), among
others.2,3 Animal studies have shown that trehalose exerts its
neuroprotective effects through various biological routes
during metabolism; this includes modifying and regulating
disordered proteins, enhancing antioxidation and anti-inflam-
mation, and modulating gut microbiota,2 but the mechanisms
of trehalose-modulated neuroprotection at the molecular level
have not been fully understood.

AD is a progressive neurodegenerative disease that leads to a
severe impairment of memory and cognitive function. AD is
characterized by the formation of Aβ aggregates on the
surfaces of neuronal cells, leading to amyloid plaque formation
in individuals with AD.4−6 The neuronal cell membrane is of
critical importance in neural physiology7 and is recognized as a
target for amyloid attack. The role of the lipid membrane on
Aβ binding and toxicity has been actively studied.8−17

As many drugs targeting toxic Aβ aggregation have failed in
clinical trials,18,19 the role of the cellular membrane itself has
been gaining increased interest in this regard12−14,17,20 and
promising ways to protect cellular membranes have been
actively investigated.15,16,21−23 While trehalose has been shown
to affect the misfolding and aggregation of Aβ,24,25 its effects
are more promising with less toxic Aβ1−40 than Αβ1−

42.25−27 Moreover, its role in membrane protection against
amyloid toxicity has not been studied until recently.28

It has been demonstrated that Aβ can bind to lipid
membranes11−14,29 and cause neuronal membrane impair-
ment,11,12 leading to homeostasis imbalance and cell
death.30−32 Several mechanisms have been proposed to
understand these damaging effects of Aβ on lipid membranes
due to its binding to the membrane surface,12,14,17 including
the formation of various defects,12,17 detergent-like destabiliz-
ing of lipid membranes,33 and ion channel formation.34

Therefore, finding ways to protect the membrane and to
prevent Aβ’s binding and damaging the lipid membranes is an
important direction in Alzheimer’s research. Since trehalose
has the unique ability to modify the membrane properties,35−41

studies exploring the role of trehalose in protecting the lipid
membrane against the most toxic Aβ1−4230,32,42 are highly
desirable.

Trehalose is a well-established cryopreservative agent for
biomolecules and can stabilize cell membranes under extreme
conditions.1 It can maintain membrane stability by eliminating
deleterious phase transitions, thereby maintaining membrane
fluidity during dehydration.1 A potential reason is that
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trehalose can form hydrogen bonds with water and hydrophilic
headgroups of lipids at the water/membrane interface.35−37

Different hypotheses have been proposed to explain the
interaction of trehalose with lipid membranes, such as the
water replacement hypothesis,35,43 water entrapment hypoth-
esis,38−40 and hydration force hypothesis.44 Even though the
trehalose protection mechanisms are still under debate,
evidence has shown that some of these hypotheses could be
complementary, conjointly explaining trehalose-mediated
membrane protection.41,45 A simulation study by Maiti and
Daschakraborty found that trehalose can simultaneously
replace water and form a viscous layer on Escherichia coli
bacterial membranes,41 supporting both the water replacement
hypothesis and the vitrification hypothesis. Trehalose can
compensate for water loss and reduce the dehydration level of
the membranes.41 In addition, the viscous layer formed by
trehalose can slow down the motion of lipid molecules, thereby
maintaining membrane fluidity.41

In relation to amyloid, the role of trehalose in amyloid-
membrane interaction has been investigated with single-
component lipids and shorter and less toxic amyloid fragments,
1−40 and 29−40.20,46 Simulation studies by Reddy et al.
demonstrated that trehalose increases the insertion of Aβ29−
40 in 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
membranes,20 due to trehalose promoting the conformational
transition of Aβ29−40 monomers from a random coil to an α-
helix structure, which facilitates its insertion into lipid
membranes.20 However, another simulation study by Izmitli
et al. elucidated that the insertion of Aβ1−40 in 1,2-
dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DPPG)
membranes was decreased by the presence of trehalose in an
aqueous environment.46 Trehalose reduces the insertion depth
of Aβ1−40 peptides but speeds up the peptide insertion by
mitigating the conformational change upon insertion into
membranes.46 These studies focused on Aβ1−40 fragments
rather than the most toxic Aβ1−42.

Given the protective role of trehalose in biomembranes, we
proposed that trehalose may protect neuronal membranes
against the deleterious effects and disruption induced by the
most toxic amyloid, Aβ 1−42. Using the electrophysiology
technique, we recently showed that the membrane disruption
induced by Aβ1−42 is attenuated by the presence of trehalose
in a dose-dependent manner.28 Based on the protection
mechanism of trehalose on membrane stability and integrity,
we hypothesized that the binding of trehalose at the
hydrophilic region of lipid membranes may establish a barrier
to reduce or prevent the binding of Aβ 1−42 to the lipid
membrane, thereby attenuating amyloid-induced membrane
disruption. Our recent study using nanopore electrophysiology
demonstrates that trehalose reduces the damaging effects of Aβ
1−42 on model lipid membranes (measured as membrane
leakage due to pore formation);28 however, the underlying
molecular mechanism is still unclear. In order to understand
the molecular interplay between trehalose, Aβ 1−42 peptides,
and lipid membranes, we used localized surface plasmon
resonance (LSPR) spectroscopy and atomic force microscopy
(AFM) to study the nonspecific binding of Aβ 1−42 to model
lipid membranes in the presence of trehalose in this work. We
chose a simple DPPC-POPC-Cholesterol lipid model to mimic
neuronal membranes to elucidate the influence of trehalose on
nonspecific binding between Aβ and membranes.

■ MATERIALS AND METHODS
Reagents. 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine

(POPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), cholesterol, trehalose, NaCl, 1,1,1,3,3,3-Hexafluoro-
2-propanol (HFIP), and 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid (HEPES) were obtained from Sigma-Aldrich
(ON, Canada). The unfunctionalized gold sensors (SEN-AU-
100−10) were purchased from Nicoya Lifesciences (ON,
Canada).
Vesicle Preparation. Lipids were suspended in chloroform

and combined to reach the target weight ratio of 4:4:2 DPPC/
POPC/Cholesterol. Then, the lipid chloroform solution was
dried under N2 flow until all the solvent was evaporated,
leaving semitransparent lipid residues at the bottom of the vial.
The dried lipids were resuspended in the same aqueous buffer
as the corresponding working buffer in LSPR experiments. In
order to create vesicle solutions, the aqueous lipid solution
underwent sonication for 15 min followed by 15 min of stirring
at ambient temperature. This cycle of sonication and stirring
was repeated until the solution became transparent, indicating
the formation of lipid vesicles. The final vesicle concentration
of DPPC/POPC/Cholesterol mixture was 0.5 mg/mL. In
addition to DPPC/POPC/Cholesterol vesicles, 0.5 and 1 mg/
mL POPC vesicles were also produced in the same way to
evaluate the decay length of LSPR sensors.
Aβ Solution Preparation. Aβ1−42 powder was resus-

pended in HFIP and distributed into aliquots. The centrifuge
tubes containing the amyloid solution were placed in a
desiccator in the fume hood for 24 h to remove as much HFIP
as possible. After 24 h, HFIP was evaporated and amyloid
powder was left in the tubes. The distributed amyloid powder
was stored in a freezer at −20 °C. Before the LSPR
experiments were started, the amyloid powder was resus-
pended in the working buffer at 50 μM and sonicated for 10
min for monomerization.
LSPR Experiments. The OpenSPR 3.0 instrument from

Nicoya Lifesciences (ON, Canada) was used for the detection
of lipid and protein binding with and without the presence of
trehalose. The real-time recording and data collection were
performed with Nicoya Lifesciences software (version 3.11).
Theoretical Background of LSPR. Localized surface

plasmon resonance is produced by light incident on a metal
nanoparticle, exciting the oscillation of electrons on the metal
nanoparticle and generating a locally enhanced electro-
magnetic field. This results in a strong optical absorption at
wavelength λm, which is influenced by the dielectric environ-
ment in the vicinity of the nanoparticle surface.47 Any changes
in the dielectric environment, such as those involving the
change in local refractive index n or adsorbate thickness d due
to adsorption of a biomolecule layer, can cause the wavelength
shift Δλ
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Here, m is the bulk sensitivity of the sensor, and δ is the decay
length of the intensity of the electromagnetic (EM) field,48,49

also known as the probe length of the sensor.50,51 It is worth
denoting that δ can be substituted by l

2
d in eq 1, as

reported.47,50 Distinct from δ, ld is the characteristic decay
length of the EM field, which is twice the value of δ. The
binding or adsorption of biomolecules to the LSPR sensors
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induces alteration of the dielectric environment, thereby
generating the LSPR wavelength shift Δλ, which depends on
the refractive index n and thickness of adsorbates d according
to eq 1. Therefore, the binding of molecules can be quantified
as the thickness of the adsorbate layer.50 To evaluate the
thickness of the membrane and amyloid proteins bound to the
LSPR sensor, the m, δ, and refractive index (RI) change Δn
require estimation and measurement. The determination of
these parameters has been included in the Supporting
Information.
Detection of Lipid Membranes and Protein Bindings

with LSPR. The LSPR system was perfused with a working
solution during an entire experiment process. Before injecting
the lipid solutions, 80% isopropanol (IPA)/water (v/v)
solution was injected into the system three times to remove
bubbles in the system at a pump speed of 150 μL/min. One
injection of 80% IPA induced a pulse signal, showing an acute
increase in the LSPR wavelength. After three times of 80% IPA
injection, the LSPR signal returned to the baseline. As a stable
baseline was achieved, the pump speed of the working solution
was tuned to 20 μL/min. Then, the system was ready to use for
the injection of lipid vesicles and Aβ1−42.

To investigate the effect of trehalose on the membrane
properties and Aβ-membrane binding, three working solutions
were prepared: (1) 150 mM NaCl 20 mM HEPES, pH 7.4, (2)
50 mM trehalose 150 mM NaCl 20 mM HEPES, pH 7.4, (3)
100 mM trehalose 150 mM NaCl 20 mM HEPES, pH 7.4.

As shown in Figure 1, the working solutions (RI = ns) acted
as a background for the membrane and protein binding signals
and were maintained the same for each experiment. The flow
speed in the entire experiment was kept at 20 μL/min. Each
experiment consisted of two types of injections in sequence:
vesicle injection followed by Aβ1−42 injection. First, 200 μL
of 0.5 mg/mL lipid vesicles composed of POPC, DPPC, and
cholesterol were injected into the system and transferred to the
sensor at 20 μL/min. The vesicle injection was repeated 3−4
times to ensure the full coverage of membranes on the sensor
surface. The injection of lipid vesicles and membrane
formation on the sensor produced a wavelength shift (Δλ1)
as the first LSPR signal. After a 20−30 min wait time for vesicle
rupture and membrane stabilization, 200 μL of 50 μM Aβ1−42
was injected and transferred to the membrane-covered sensor
at 20 μL/min. The binding of Aβ to the membrane generated

the second LSPR wavelength (Δλ2). As the Aβ injection
finished, the experiment was stopped after 20 min.
AFM Imaging. AFM (JPK NanoWizard II, Bruker) was

used to image the surface topography of the gold sensor
surface and lipid membranes in the hydrated and dehydrated
states. The membranes were deposited on LPSR sensors
following the protocols for LSPR membranes. The hydrated
membranes were imaged in liquid by qp-BioAC AFM probes
(NanoSensors) in tapping mode at 25−35 kHz resonance
frequency. The nominal spring constant of the probes was 0.3
N/m. The LSPR gold sensor and dehydrated membranes on
the sensor surface were imaged in tapping mode in the air by
silicon PPP-NCH probes (NanoSensors), with a nominal
spring constant of 42 N/m and resonance frequency of 298
kHz. The dehydrated membranes on the LSPR sensors were
imaged as soon as the liquid was observed to evaporate.
Depending on the humidity in the experimental environment,
wait times varied but usually lasted 5−10 min. Surface
roughness was calculated with Gwyddion software.

■ RESULTS AND DISCUSSION
Determination of Membrane Thickness by LSPR.

Given that the RI of cholesterol is 1.4752 and the RI of
DPPC is 1.478,53,54 we assumed that the RI of the lipid
membrane composed of POPC, DPPC, and cholesterol was
approximately 1.48, within the normal range for biological
membranes reported in previous studies.49 Based on eq 1, the
thickness of lipid membranes (dm) can be calculated by
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where Δλ1 is the wavelength shift induced by the binding of
the lipids.

The estimated membrane thickness in 150 mM NaCl
solution (RI = 1.333) is 4.02 ± 0.20 nm (n = 11), as shown in
Figure 2. However, the membrane thickness is significantly
decreased to 2.53 ± 0.09 nm in 50 mM Trehalose (n = 13)
and 2.38 ± 0.13 nm in 100 mM Trehalose solution (n = 14)
(Tukey’s Test, p < 0.001) (Table 1).

These results indicate that the trehalose accumulation at the
water/membrane interface decreases membrane thickness.
Previous simulation studies have also noted a reduction in

Figure 1. Schematic of the LSPR experiments. From left to right: Step 1. The working solution is continuously flushed over the sensor surface,
circulating the LSPR system. Step 2: The injection and rupture of lipid vesicles produce lipid membranes, resulting in an Δλ1. Step 3: The injection
and binding of Aβ to the membrane-covered sensor surface produces Δλ2.
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membrane thickness induced by trehalose.41,45,55 It was found
that concentrated trehalose, such as 1 M,41 was necessary in
simulations to observe significant changes in lipid mem-
branes,41,55 as the effect of 100 mM trehalose on membranes
was subtle in earlier simulation studies. Whereas simulation
results showed that the thickness reduction in the membrane is
less than 0.5 nm despite higher concentrations of treha-
lose,41,55 it reaches and even exceeds 1.5 nm in 50 and 100
mM trehalose in our experimental studies. The dramatic
decrease in membrane thickness in our measurement could be
attributed to the improved membrane fluidity due to
trehalose’s membrane modulation, which has also been
reported in previous studies.56 This highlights the significant

impact of trehalose on the mechanical properties of lipid
membranes experimentally, even at millimolar levels, in a fully
hydrated environment. Additionally, it is worth noting that
while 100 mM trehalose is twice the concentration of 50 mM
trehalose, both concentrations have similar effects on the
membrane. This observation suggests that the thinning of the
lipid membrane may reach saturation at a critical concentration
of trehalose under hydration conditions.
AFM Imaging Membranes on LSPR Sensors. Hydrated

Membrane. The gold sensor and membrane-covered sensor
surface were imaged by AFM, as shown in Figure 3. The LSPR
sensors are mainly composed of spheroid gold nanoparticles
with diameters ranging between 80 and 100 nm (Figure 3a),
with a surface roughness of 22.14 nm. The rupture of lipid
vesicles at the sensor surface produced lipid bilayers. As shown
in Figure 3b, the membrane successfully covered gold
nanoparticles on the sensor in 150 mM NaCl, leading to a
decreased surface roughness of 697.67 pm. In 100 mM
Trehalose-NaCl solution, the lipid bilayer also formed and the
surface roughness is 1.26 nm (Figure 3c). However, despite
that the sensor surfaces were almost fully covered by the lipid
membrane with very few vesicle residues left, they still
remained uneven due to the presence of grooves, as shown
in Figure 3b,3c. These grooves appeared due to the exceptional
roughness on the original sensor surface. Overall, the AFM
images confirmed that the vesicles reached the gold surface and
successfully formed lipid bilayers by rupturing in NaCl and
Trehalose-NaCl solutions without the assistance of other
agents.

Dehydrated Membranes. To investigate the effect of
trehalose on lipid membranes, other than reducing their
thickness, the dehydrated membranes were imaged by AFM
(Figure 4). Figure 4a shows the self-assembly and crystal-
lization of the NaCl-lipid molecules during dehydration. The
degradation of the lipid membrane led to the exposure of the
gold nanoparticles of the sensor. However, the lipids
maintained their bilayer structure during dehydration in a
100 mM trehalose solution, forming the membrane plateau
islands shown in Figure 4b. This suggests that trehalose helps
maintain the membrane morphology during dehydration, as

Figure 2. LSPR response to membrane formation (Δλ1) and
corresponding membrane thickness (dm) measured in working buffers
1, 2, and 3. Red: Δλ1. Blue: membrane thickness. Treh, trehalose. The
corresponding values are shown in Table 1.

Table 1. Lipid-Induced LSPR Response and Membrane
Thickness

NaCl buffer 50 mM Treh-NaCl 100 mM Treh-NaCl

Δλ1 (nm) 1.84 ± 0.09 1.15 ± 0.04 1.07 ± 0.06
dm (nm) 4.02 ± 0.20 2.53 ± 0.09 2.38 ± 0.13

Figure 3. AFM images and cross sections of the LPSR sensor and membranes on the sensors. (a) Bare gold sensor. (b) Lipid membrane formed on
the sensor in 150 mM NaCl. (c) Lipid membrane formed on the sensor in 100 mM Trehalose-NaCl solution.
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reported in previous studies.41 Moreover, the cross section in
Figure 4b indicates a membrane height of approximately 1.5
nm. This is lower than the height in the hydrated membrane
(2.38 nm) in 100 mM trehalose, as estimated by the LSPR
response. It implies that trehalose decreased the membrane
thickness, which was further decreased by dehydration. Recent
simulations showed that the interaction between trehalose and
lipid headgroups depends on the water content level.41 The
water loss enhanced the trehalose-lipid interaction, increasing
the distance between lipid molecules and attenuating the fluid-
to-gel phase transition induced by dehydration.41

Quantitative Estimation of the Aβ Adsorbate Layer by
LSPR. After lipid membrane formation on the LSPR sensors,
generating the first LSPR signal Δλ1, the binding of Aβ1−42
peptides induces the second LSPR signal Δλ2, as indicated in
Figure 1. Determining the number of proteins that bind to the
membrane from the LSPR response is challenging due to the
complex density, geometry, and dimensions of amyloid binding
on membranes.57 However, as shown in Figure 5, the binding

of the amyloid proteins to the membrane can be simplified as a
condensed layer. This is the second adsorbate layer, with
thickness da on the membrane-covered surface of the LSPR
sensor, quantifying bound proteins.50,57

The LSPR signal Δλ2 generated by the binding of the Aβ1−
42 protein to the membrane layer of thickness dm is
determined by eq 350
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where na is the RI of amyloid, which is 1.53 [40]. Based on eq
3, the thickness of the Aβ1−42 layer da can be derived as
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It can be rewritten into eq 5 according to eq 1
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Either eq 4 or eq 5 can be used to calculate the thickness of the
second layer of Aβ1−42. The thickness parameter da is used to
estimate the quantity of proteins bound to the lipid membrane.

As shown in Figure 6, the Aβ-induced LSPR response Δλ2
decreased in the trehalose solutions. It decreased from 0.39 ±
0.03 nm (mean ± SEM) in the NaCl control buffer to 0.33 ±
0.03 nm in 50 mM and 0.29 ± 0.02 nm in 100 mM trehalose-
NaCl solutions (Tukey test, p < 0.05); this dose-dependent
behavior is shown in Table 2.

Figure 4. AFM images and cross sections of dehydrated membranes on gold sensors. (a) Dehydrated membrane in 150 mM NaCl solution. (b)
Dehydrated membrane in 100 mM Trehalose-NaCl solution. Scale bars: 4 μm.

Figure 5. Model for LSPR binding layers.

Figure 6. LSPR response to amyloid binding to lipid membranes Δλ2
and corresponding layer thickness da in working buffers 1, 2, and 3.
Red: Δλ2. Blue: Amyloid layer thickness da. The corresponding values
are given in Table 2.
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eq 5 was used to compute da according to the LSPR signals
collected in the solution with and without trehalose and found
the decline of Aβ thickness da in trehalose solutions, aligned
with the trend of Δλ2. Remarkably, da (0.67 ± 0.05 nm, n =
10) in NaCl was significantly decreased to 0.49 ± 0.03 nm (n =
14) in 100 mM Trehalose (Tukey’s test, p < 0.05), suggesting
fewer Aβ1−42 peptides bound to the lipid membrane in 100
mM trehalose. This implies that 100 mM trehalose effectively
reduced the binding of Aβ to the lipid membrane. Our result is
consistent with a study by Izmitli et al. in which simulation
studies reported that fewer Aβ1−40 peptides were inserted
into anionic DPPG monolayers in a trehalose solution than in
water; this was attributed to the energy profile at the subphase-
lipid interface.46 The smaller difference in free energy at the
water−lipid interface compared to the trehalose-lipid interface
makes the peptide insertion more energetically favorable,
leading to more insertions in water over trehalose. In addition,
the accumulation and interaction of trehalose with lipid
headgroups may increase the viscosity near the lipid
membranes. This is driven by the trehalose concentration
and increases the resistance of peptides to access the
membrane, thereby inhibiting the adsorption of Aβ to lipid
membranes.

Previous studies found that Aβ peptides penetrated deeper
into lipids in water than in trehalose, leading to severe
membrane expansion.46 Our recent study demonstrated that
the Aβ-induced membrane damage was reduced by trehalose,28

which indicates that trehalose can enhance membrane stability
as Aβ insertion occurs. These results and our current findings
suggest that the protective role of trehalose is attributed not
only to its interference with peptides but also to its modulation
of membrane properties, protecting the biomembranes from
Aβ neurotoxicity by reducing the amyloid-membrane binding.
Transgenic mouse studies by Portbury et al. reported the
improvement in mice’s cognition after daily 2% trehalose
intake for a month, while the mechanisms were not fully
understood.58 Our studies may help understand the protective
role of trehalose against amyloid toxicity in neuronal systems
from a perspective of membrane protection.

In this work, we used a simple three-component lipid model
to test the protective effect of trehalose against the nonspecific
binding of amyloid to the membrane. In the future, more
complex biologically relevant lipid systems should be explored
in this context. A vast amount of data is currently available on
amyloid interactions with biomembranes.8−17,59−65 This work
has included the study of the role of membranes in amyloid
aggregation and toxicity:60,61 indicating the role of lipid
composition, especially the inclusion of gangliosides and
sphingomyelin;62,63,66 the presence of cholesterol;59,66 nano-
scale lipid rafts, and many other parameters that affect amyloid-
membrane binding;8−17,64,65 however, these studies do not
explore membrane-protective molecules. The contribution of
our study is that we demonstrate that the membranes can be
protected from amyloid toxicity with trehalose, even in simple
lipid models, by reducing the level of binding of amyloid to the
membrane.

■ CONCLUSIONS
The influence of trehalose on model lipid membranes (DPPC-
POPC-Chol) and its effect on the binding of Aβ1−42 to a lipid
membrane was studied. The LSPR results showed that
trehalose can effectively reduce nonspecific binding of Aβ1−
42 to the membranes in a concentration-dependent manner,
which supports our previous report that trehalose reduces the
membrane damage induced by Aβ1−42 in electrophysiology
experiments.28 The trehalose effect could potentially attenuate
Aβ-related membrane destruction and cytotoxicity in bio-
membranes, and this knowledge can be beneficial for the
development of future membrane-targeted preventive strat-
egies for Alzheimer’s Disease. This work significantly fills the
void of experimental studies in trehalose-related Aβ-membrane
studies and explores the quantitative analysis for the non-
specific binding of biomolecules in LSPR-dominated biosens-
ing.
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