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bstract

The objective of this research is to understand the interaction mechanism of �-amyloid (A�) with cell and were basically divided into two
arts. The first part focused on the time-dependent structural changes of A� (1-40) by circular dichroism (CD) spectroscopy, thioflavin T (ThT)
uorescence assay, and atomic force microscopy (AFM). The second part emphasized the kinetics and enthalpy of interaction between A� (1-40)
nd liposome by surface plasmon resonance (SPR) and isothermal titration microcalorimetry (ITC). Results obtained from CD, ThT and AFM
onfirmed the formation of 1 �m fibril after single day incubation. The driving force of kinetic interaction between A� and liposomes was revealed
y SPR to be electrostatics. Further studies indicated that fresh A� has high GM1 affinity. Besides, addition of cholesterol to the liposome could

lter membrane fluidity and affect the interactions of fresh A� with liposomes especially in the amount of A� absorbed and preserving the structure
f liposome after adsorbing. Hydrophobicity was found to be the driving force leading to the interaction between A� fibrils and liposomes. These
eactions are endothermic as supported by ITC measurements. When the composition of liposomes is zwitterionic lipids, the interaction of A�
ith liposomes is predominantly hydrophobic force. In contrast, the driving force of interaction of charged lipids with A� is electrostatic.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

To date, over 20 peptides or proteins have been identified
o form amyloid fibrils or aggregates via abnormal folding in
he body and are thought to cause diseases named as protein
olding disorders (PFDs) [1] or protein conformational diseases
PCDs) [2]. These diseases include Alzheimer disease (AD),
arkinson disease (PD), type II diabetes, and bovine spongi-
orm encephalopathy (BSE) associated with �-amyloid (A�),
-synuclein, human amylin, and prion protein, respectively [3].

owever, the mechanism by which amyloid fibrils cause cyto-

oxicity and disease is still not clear.

∗ Corresponding author. Tel.: +886 34227151x34222; fax: +886 3 422 5258.
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AD is the most common neurodegenerative disease occurred
n elders characterized pathologically by the presence of senile
laques and neurofibrillary tangles in brain [4]. Senile plaques
ave been of great interest to many researchers due to its impli-
ation in AD. Additionally, according to previous researches,
�, the main constituents of senile plagues, is a self-assemble

mphiphilic peptide with the distinct character that is toxic-free
n its monomer form and becomes cytotoxic during its transition
o fibril form [5–6]. As of now, the mechanisms at which A�
eads to the death of cells are still unclear.

Subsequently, multiple researchers have devoted their studies
n the interaction of A� monomers and the absorption mech-
nism of A� on the cell membrane. Many references have

eported factors in influencing the structural changes of A�,
uch as incubation temperature [6,7], the choice of solvents [8],
he pH of buffer [9], concentration and length of A� species, the
nclusion of nuclei and liposome and various compositions of
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dx.doi.org/10.1016/j.colsurfb.2007.03.014
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iposome [10–19]. With reference to the papers cited above, we
oncluded that structural change of A� could easily be affected
y these factors and the presence of liposome accelerated the
ransition from A� monomer to fibril.

The state at which the A� is most likely to interact with cell
embrane is an important issue. The formation of aggregates on

he cell membrane, whether it be initiated by monomeric A� or
ggregated A�, remains unknown. With the aid of surface plas-
on resonance (SPR) and isothermal titration microcalorimetry

ITC), we obtained valuable kinetic and thermodynamic infor-
ation to show the interaction mechanisms between A� of

arious states and liposomes of various compositions.

. Materials and methods

.1. Materials

A� (1-40) was purchased from Biosource, dipalmitoyl phos-
hatidyl glycerol (DPPG) and cholesterol were purchased from
igma, l-�-dipalmitoyl phosphatidylcholine (DPPC) was pur-
hased from Acros, ganglioside GM1 was purchased from
vanti Polar Lipids, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
as purchased from Aldrich. Thioflavin T was purchased from
luka.

.2. Aβ sample preparation [9]

A� stock solution was prepared by dissolving the peptide at
mg/ml in HFIP to render A� monomeric. The required sample
f stock solution was transferred to the tube and the volatile
olvent was removed using a vacuum system over-night, then
he lyophilized amorphous powders of A� was dissolved in PBS
10 mM Na2HPO4/KH2PO4, 100 mM NaF, pH 7.4) and allowed
o incubate at room temperature. In order to avoid the influence of
FIP on SPR signal, HFIP was removed from the stock solution
y evaporation rather than dilution into PBS.

.3. Liposome preparation

Lipid dissolved in chloroform/methanol (2:1, v/v) was placed
n thermostat flask at 50 ◦C. The organic solvent was evapo-
ated by nitrogen and a homogenous thin film was formed at
he inner wall of the flask. Lipid films were hydrated with PBS
y ultrasonic homogenization at 50 ◦C for 20 min. The resulting
olloidal suspension of multilamellar vesicles (MLVs) was sub-
ected to three cycles of freezing in liquid nitrogen and thawing
n warm water (50 ◦C). The small unilamellar vesicles (SUVs)
ere prepared from the MLV dispersions using an ultrasonic
omogenizer (Sonopuls HD 200, Bandelin, England) in power
S 72/D, cycle 10 for 30 min and extruded with a cellulose

cetate membrane (pore size = 0.22 �m) to allow the homoge-
ous distribution of the vesicle size.
.4. Modification of sensor chip [20]

The gold surface of chip was first cleaned by washing with
bsolute alcohol. The fresh chips were submerged into the
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mM (MHA) alcohol solution for 24 h to form a carboxyl self-
ssembled monolayer (SAM) on the gold surface. The chips
ere then transferred into an anhydrated (DMF) solution of
.05 M TFAA and 0.1 M (TEA) for 20 min after rinsing with
bsolute alcohol. The chips were merged into the 28 mM Brij-
6 solution for 30 min following rinsing with dichloromethane.
inally, the sensor chips with Brij-76 derivatized surface for

mmobilizing the lipid bilayer were obtained after rinsing with
bsolute alcohol and drying with nitrogen.

.5. Circular dichroism (CD) spectroscopy [14]

CD measurements were carried out using a Jasco J-810
pectropolarimeter. All measurements were performed at room
emperature. The path length of quartz cell was 1 mm. All spec-
ra were corrected by subtracting the buffer baseline. CD spectra
n the far UV range (190–250 nm) were obtained.

.6. Thioflavin T (ThT) fluorescence spectroscopy

Fluorescence measurements were carried out on a Jasco
P-6500. A� fibril formation was assessed using the method
escribed by LeVine [21]. Thioflavin T was dissolved in PBS.
he Thioflavin T solution and A� sample was mixed at 1:1 molar

atio and the final concentration of A� is 20 �M. Fluorescence
mission spectra were taken from 350 to 650 nm at an excitation
avelength of 440 nm and emission maximum at 485 nm was

ndicative of the presence of amyloid fibrils.

.7. Atomic force microscopy (AFM)

The surface of wafer was cleaned by sequential washing with
cetone (2 min), isopropanol (2 min) and di-water (2 min) in the
ltrasonic device and consequently dried using nitrogen. The
resh wafer was soaked in 20 �M A� solution for 30 min. A�-
oated surfaces were dried with nitrogen before the images were
aken.

.8. Surface plasmon resonance (SPR)

This experiments were performed as our previously study
22]. A homemade angle resolved SPR in the Kretschmann con-
guration was used to attenuate total refection (ATR), combined
ith the flow analysis system [23]. Sensor chip after modifica-

ion was soaked in liposome solution for 24 h to immobilize
iposomes onto the surface. The morphology of chip with lipo-
omes was analyzed by AFM before and after interacting with
rotein. The liposomes were chemically immobilized on the
ensor chip, and PBS was introduced into the sensor flow cell
t 25 �l/min. As the SPR resonance angle reached a plateau,
he equilibrium RU value was defined as baseline. Then the
ntroduction of 20 �M A� solution resulted in resonance angle
hifted with respect to time, meaning the refractive index of

nterface was altered when A� adsorbed on the liposome mem-
rane on the chip surface. After the signals were stabilized as the
dsorption reach balance, the PBS buffer was pumped into the
ensor cell to elute or dissociate (the arrow point in the figures)
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Fig. 1. Circular dichroism spectra of time-course of 20 �М A� (1-40) at 25 ◦C.
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he weakly or nonspecifically bounded A�. All experiments
ere performed at 25 ◦C.

.9. Isothermal titration microcalorimetry (ITC)

The reaction enthalpy measurements were performed using
Thermal Activity Monitor (Thermometric AB, Sweden) con-

rolled by Digitam software. The microreaction system was
arried out in a titration mode with a 4 ml stainless steel ampoule.

hen thermal equilibrium between the ampoule and the heat
ink was reached, a 20 �l aliquot of 75 �M fresh A� solution
as injected for 12 times at a constant interval of 30 min via a
50-�l rotating stirrer-syringe, into the reaction cell (ampoule)
ontaining 109 �M, 2 ml liposome in 10 mM PBS. The titration
xperiments were carried out using peptide/lipid in the molar
atio of 0.007–0.083 and at a constant temperature (25 ◦C). In
ontrol experiments, the fresh A� solutions were titrated into
ure buffer to obtain the dilution heat, which was subtracted
rom the experimental curve in the final analysis.

. Results and discussion

.1. Aβ structure

Self-aggregating properties of A� peptides were analyzed
sing three different techniques: circular dichroism spec-
roscopy, ThT fluorescence and AFM.

.1.1. Circular dichroism spectroscopy
Conformational changes of peptides and proteins in solution

ere studied by CD. A minimum peak at 197 nm seen from
ig. 1 was a characteristic signature of random coils [6]. As the

ncubation time increases, the characteristic peak shifted from
97 nm to 205–220, signifying the formation of an ordered struc-
ure. In addition, a structural transition with an isodichroic point
t about 200 nm provides evidence that simple two-state equi-
ibrium (random coil ↔ �-sheet) has occured for A� (1-40) at
0 �M [15].

.1.2. Thioflavin T fluorescence assay
ThT, a type of hydrophobic fluoresce probes, can easily dif-
erentiate the degree of A� fibril formation. Subsequently, a
horough analysis of the correlation between time and the extent
f fibril formation was the main objective of this research. As
hown in Fig. 2, a dramatic increase in the ThT fluorescence

3

a

Fig. 3. Time-course of 20 �М A� (1-40) at 25 ◦C using AFM. A–
ig. 2. Time-course of fibril formation of 20 �М A� (1-40) at 25 ◦C using ThT
uorescence.

ntensity was observed within 1-day incubation of A�. How-
ver, no substantial difference in the fluorescence intensity was
ound following 2–7 days of incubation. Results from ThT flu-
rescence revealed that A� fibril (1-40), in large quantity, was
ormed after incubation for 1 day.
.1.3. AFM images
From AFM images, it was found that A� began aggregating

nd became bulky particles after 1-h of incubation (Fig. 3A).

D are incubation for 1 h, 2 h., 1 day and 7 days, respectively.
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ithin an hour, these bulky particles, though only a few in num-
ers would eventually increase in quantity over time. Incubating
or 2 h, the aggregation, as predicted, became more obvious
Fig. 3B). In addition, the formation of fibrils was detectable
fter 1 day of incubation (Fig. 3C). These fibrils, though may
ary in their length, became more sturdy as observed under AFM
fter a week of incubation (Fig. 3D).

The morphology of A� aggregation was observed from the
FM images. When A� was incubated for 1 day, A� fibrils were

ormed. The results as reported by Kremer et al. [19], using the
lectron microscope and bis-ANS fluorescence assay, indicated
hat the formation of A� fibrils at pH 6.0 was driven by elec-
rostatic force. However, the hydrophobic interaction was the
riving force at pH 7.0 and is similar to our AFM image as
bserved after of A� was incubated after 1 day. With reference
o other researches, our work demonstrated that the mecha-
ism of A� aggregation under this experimental condition is
ydrophobic force in nature.

.2. Aβ–liposome interactions

Results from ThT fluorescence assay and images of AFM
onfirmed that 20 �М A� (1-40) at 25 ◦C had a dramatic change
n structure after incubation for 1 day. Therefore, fresh and 1-
ay incubated A� species were used to interact with liposome
or the following studies.

.2.1. Kinetics
Sensorgram of fresh 20 �m A� (1-40) interacting with lipo-

omes with various compositions is shown in Fig. 4. A diverse
iposome samples were prepared as follows: DPPC, DPPG,
PPG with 20% cholesterol, a mixture of DPPC and DPPG in

he ratio of 3–1, and a mixture of 5 mol of DPPC, 3 mol of GM1
nd 2 mol of cholesterol. From Fig. 4, the ascending slopes of all

ve lines show adsorption while dissociation occurred when the
lopes became negative after passing the maximum point. The
dsorption and dissociation behaviors of these five different lipo-
omes are plotted in Fig. 4. DPPG and DPPC had the highest

ig. 4. The sensorgram of interactions of fresh 20 �M A� (1-40) with various
iposome by SPR. The arrow indicates the initial position of buffer wash.
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nd lowest initial rates of adsorption, respectively. In the disso-
iation phase, various liposomes showed different dissociation
ehavior. The physiological factor which contributed to their dif-
erent adsorbing behavior was the lipid head group—DPPC, a
witterionic lipid. Likewise, DPPG also with zwitterionic char-
cteristics has a negative-charged head. GM1, meanwhile, has
salic acid residue that is negatively charged. Our data demon-

trated that the lipid head group plays a role in the interactions
etween A� and liposomes.

The dramatic increase of RU values of DPPG and
PPC/DPPG during the adsorption phase suggested that either

he vesicles had ruptured without being stabilized by choles-
erol or A� in higher quantity had adsorbed on the lipid vesicles.
lso, it should be noted that during the dissociation phase, the
U value of DPPG monotonically decayed and eventually fell
elow the initial baseline. This behavior provided another proof
hat liposome immobilized on the sensor chip had either bro-
en apart or had it’s conformation changed. Results obtained
rom AFM confirmed that the structure of liposome had been
ltered into lipid bilayer from vesicle as a consequence of A�
nteraction (data not shown).

In contrast with DPPG, the signals of liposomes consist-
ng of DPPG with 20% cholesterol were found to be smaller
han 1000 RU units. During the association phase, DPPG with
0% cholesterol has lower values of both initial rate of adsorp-
ion and adsorbed amount of A� than those of DPPG. Due
o the presence of cholesterol within the membrane, a reduc-
ion in the membrane fluidity was observed. This affected the
mount of A� adsorbed onto the liposome. However, unlike
PPG, the RU signal of DPPG with 20% cholesterol did not
ecrease monotonically in the dissociation phase, implying that
he liposome stability was enhanced and membrane disrup-
ion was not encountered upon the addition of cholesterol. As
or DPPC/GM1/cholesterol combination, a faster initial rate of
dsorption and larger amount of adsorbed A� were observed
elative to DPPG/cholesterol. Although both GM1 and DPPG
ave negatively charged head groups, the mechanisms of A�
inding to liposome were different. In addition, both the pres-
nce of GM1 and DPPG in the vesicles exhibited an irreversible
ature in the dissociation phase, implying that the adsorbed
� on the surface of liposomes could not be removed by
ashing with PBS. It suggests that the absorbed A� may go

hrough structural conversion and aggregation and lead to some
egree of irreversible adsorption. The interaction between DPPC
iposome and A� had the smallest initial rate of adsorption,
he faster initial rate of desorption, and the smallest amount
f adsorbed A�, suggesting that a relatively weak interaction
ccurred between A� and DPPC. Affinity constants involved in
he interaction of A� with various liposomes were determined
y Langmuir binding model [24] and the results are reported in
able 1.

The relationship in the order of binding strength between
resh A� and liposomes with various compositions can

e represented as follows: DPPG > DPPC/DPPG (3:1 molar
atio) > DPPC/GM1/cholesterol (5:3:2 molar ratio) > DPPG/
0% cholesterol > DPPC (see Table 1). DPPG liposome has the
ighest affinity constant of 107 M−1 while DPPC liposome has
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Table 1
Affinities for fresh/incubation 1 day A� (1-40) binding to various liposome

The state of A� Various liposome KA (× 105 M−1)

Fresh

DPPC 1.5
DPPG 130
DPPG 20 mol% cholesterol 25
DPPC/DPPG (3:1 molar ratio) 37
DPPC/GM1/cholesterol (5:3:2
molar ratio)

12

Incubation
1
day

DPPC 25
DPPG 8.8
DPPG 20 mol% cholesterol 21
DPPC/DPPG (3:1 molar ratio) 17
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bution from the electrostatic force, thus, leading to a smaller
DPPC/GM1/cholesterol (5:3:2
molar ratio)

4.5

he smallest (105 M−1). Our affinity strength results suggested
hat the fresh A�–liposome interaction is electrostatic-driven.
ther researchers have reported that A� has high affinity for the
egatively charged lipids relative to the zwitterionic lipids [16].
ur results are in agreement with this view.
The GM1 liposome has high affinity than DPPG, indicating

hat GM1 was specifically recognized by A�. Other researchers
ointed out that in human neuroblastoma cells, approximately
alf of all detergent-insoluble A� was present in the lipid
afts-rich ganglioside, sphingomyelin (SM), and cholesterol [2].
riga et al. have reported that neutral glycoshingolipid had a

ower affinity for A� (1-40) than gangliosides [18]. These data
eemed to indicate that the gangliosides are important for the
inding between A� and liposomes.

Fig. 5 shows the SPR sensorgrams of 20 �M A� (1-40)
fter incubation for 1 day with various compositions of lipo-
omes. Our results showed that the lipid head group had an
mpact on the binding behavior between A� 1-day incuba-

ion and liposome. In the sensorgrams (Fig. 5), arrows are
sed to point out the start of washing-off by PBS in the
issociation phase. It can be found that the irreversible phe-
omenon was seen in all experiments. The binding strength

ig. 5. The sensorgram of interactions of incubation 1 day 20 �M A� (1-40)
ith various liposome by SPR. The arrow indicates the initial position of buffer
ash.
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etween liposomes and A� with 1-day incubation followed
he order: DPPC > DPPG/20% cholesterol > DPPC/DPPG (3:1

olar ratio) > DPPG > DPPC/GM1/cholesterol (5:3:2 molar
atio) (see Table 1). It is suggested from the affinity strength
ata that the binding between 1-day incubation A� and various
iposomes is attributed to the hydrophobic force.

Our data showed that both fresh and 1-day incubation A�
ere able to interact with liposomes but may be following dif-

erent mechanisms. As shown in Table 1, the binding affinities of
he aged (1-day incubation) A� with the immobilized liposome
re generally lower than that of the fresh A�, except for DPPC,
ndicating that there is different binding mechanism between
� with liposome for different states of A�. Furthermore, for

ncubated A�, most of the A� are in form of aggregation, and
he interaction between aggregated A� is minimum as shown
y our ITC data (almost no binding enthalpy were observed,
ata not shown). Also, from the SPR sensorgram, the lowest Ka
alue for A� with DPPC/GM1/cholesterol (5:3:2) is caused by
he higher kd value (dissociation constant) of the binding sys-
em. Therefore, the specific binding between the GM1 with A�
lay less profound role with A� aggregates.

.2.2. Binding enthalpy measurements
Fig. 6 shows the heat of reaction of interaction between

resh A� (1-40) and various liposomes measured by ITC.
t can be seen that the interaction between A� and lipo-
omes is endothermic in nature. Liposomes, such as DPPC and
PPC/20% cholesterol had relatively larger values of enthalpy,
hile others showed A� has lower enthalpy values of the mag-
itude of 1 kJ/mol. It was found that smaller enthalpy values
ere obtained for liposomes that have a negative charge. This

uggests that the A�–liposome interaction is predominantly
lectrostatic-driven due to the large extent of adverse contri-
eat reaction. However, for liposomes with uncharged lipids,
he driving force of A�–liposome interaction is hydrophobic in
ature.

ig. 6. The reaction heat of fresh A� (1-40) with various liposome. The lipo-
omes include DPPC, DPPC/20% cholesterol, DPPG, DPPG/20% cholesterol,
PPC/DPPG (3:1 molar ratio) and DPPC/GM1/cholesterol (5:3:2 molar ratio).
he peptide/lipid molar ratio of the range: 0.007–0.083.
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. Conclusions

.1. Aβ structure

From the initial stage to the completion of 1-day incubation,
� showed a structural transition from a particulate matter to
brillar. This was observed from the results obtained from AFM,
D and ThT fluorescence measurements.

.2. Kinetics

The interaction between fresh A� and liposome was exam-
ned. Electrostatic force was found to be significant for A�
nd liposome prior to incubation. However, after incubation
or a single day, hydrophobicity was the driving force behind
� and liposome interaction. Hence, fresh and incubated A�,

hough only for a day, had its own distinctive interacting
echanism.

.3. Binding enthalpy

Data from heat of reaction indicated that both electrostatic
nd hydrophobic force was responsible for the interaction
etween fresh A� and liposome. The negative electrical
urface charge of liposome has been the essential driving
orce responsible for A�–liposome interaction. In contrast
ith liposome without surface charge, the dominant driv-

ng force was hydrophobicity. Therefore, surface change
nd polarity, determined by the composition of liposomes,
esulted in different binding mechanisms between fresh A�
nd liposomes.

ppendix A

The binding mechanism was described by Langmuir binding
odel. P and L denote the peptide and lipid, respectively.

+ L
kon⇔
koff

PL (1)

he dissociation rate constant koff was derived using the follow-
ng equation:
t = Rto e−koff(t−to) (2)

here Rt is the response at time t and Rto is the initial response.
he association rate constant kon was obtained via the equation

[

[

[

Biointerfaces  58 (2007) 231–236

elow:

t = konCRmax(1 − e−(konc+koff)t)

konC + koff
(3)

here Rmax is the maximum response and C is the peptide
oncentration in the solution.

Affinities were calculated from the rate constants

A = kon

koff
(4)

A is defined as the affinity constant.
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