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The amyloid fibrils of amyloid � protein (A�) from Alzheimer’s disease are likely to show the cytotoxicity, depending on
their morphology. The relationship between the nucleation kinetics of the A� fibrils and their morphology has been
investigated. From the perspective of a crystallization technique assuming primary/secondary nucleation steps and an
elongation step, the secondary nucleation rate B [# m�3 s�1], was experimentally and coarsely determined by using total
internal reflection fluorescence microscopy combined with thioflavin T. In an aqueous solution, linear and rigid fibrils were
formed with a relatively smaller B value ((2.83 � 0.55) � 105 # m�3 s�1), whereas spherulitic amyloid assemblies were
formed in the presence of negatively charged liposome including oxidized lipids, with a larger B value ((7.65 � 0.47) � 105

# m�3 s�1). Those findings should lead to a better understanding of the mechanism for the formation of fibrils and senile
plaques in Alzheimer’s disease. VVC 2012 American Institute of Chemical Engineers AIChE J, 58: 3625–3632, 2012
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disease characterized by extracellular amyloid plaques
and interneuronal fibrillary tangles in the brain.1–3 The amy-
loid plaques are mainly composed of amyloid b protein
(Ab), which is a 40- to 43-amino acid product and is
secreted from the amyloid precursor protein.1 The formation
of fibrillar aggregate by Ab has been widely investigated,
both in aqueous solution4 and in the presence of model bio-
membranes.5 Recent reports imply that small species such as
oligomers,6 filaments, and protofibrils,7 which are formed
during the amyloid fibril formation of Ab, could be a key
factor in determining its cytotoxicity. It has been reported,
for the matured fibrils, that their morphology could also be a
key factor in determining its cytotoxicity.8 Although the
spherulitic amyloid assemblies of Ab have been reported to
be formed as a model senile plaque,9 the mechanism to form
the Ab fibrils with various shapes has not yet been clarified.
A clarification of this mechanism would result in a better
understanding of the role of Ab in AD.

The morphology of the amyloid fibrils has previously
been observed by using scanning electron microscopy
(SEM)10 or total internal reflection fluorescence microscopy
(TIRFM).9,11 The SEM and TIRFM have clearly revealed a
variety of morphologies of the amyloid fibrils such as linear
and rigid fibrils9,11 or spherulitic amyloid assemblies (spher-
ulite).10 Recently, it has been qualitatively shown that laser
irradiation of the fibrils can induce the formation of spheru-
litic amyloid assemblies and their explosive proliferation,11

and it has been proposed that the laser irradiation induces

the fragmentation of amyloid fibrils. Lundbury Jr and co-
workers12 have reported that fibril formation occurs by one-
dimensional (1-D) crystallization. Actually, fibril formation
involves common phenomena occurring in conventional crys-
tallization, including nucleation,3,13–15 elongation,3,13,14,16,17

secondary nucleation,18 and polymorphism.14,19 The secondary
nucleation is herein defined the fragmentation or aggregation
of original fibrils,18 which follows the formation of small spe-
cies of amyloids such as protofibrils or filaments. It is, there-
fore, possible that the formation of spherulitic amyloid assem-
blies can be quantitatively analyzed by a method to estimate
the secondary nucleation. These approaches would shed light
on a hidden mechanism for the induction of fibrils with a va-
riety of morphologies.

A biomembrane could be a possible key material to differ-
entiate the morphology of the amyloid fibrils because it is a
principle component of the biological cell (i.e., neural cell).
It has been revealed that the structures of fibrils formed in
the presence of model biomembrane (liposomes) are differ-
ent from those of fibrils formed in aqueous solution.5 In our
series of studies, it was shown that a model biomembrane
(liposome) with a designed surface could recognize the bio-
molecules (i.e., peptide, nucleoside), and could convert their
conformation and/or assembly, resulting in the creation of
new value (enzyme-like function (LIPOzyme), gene-regula-
tion, etc.).20 Especially in the case of amyloid fibril forma-
tion, there have been some reports regarding the possible
regulatory role of liposome membranes5 and supported phos-
pholipid bilayers21 in the fibril formation of Ab. It is, there-
fore, important to study amyloid fibril formation in a model
biomembrane in order to understand the mechanisms of
amyloid fibril formation in vivo.

In this study, the secondary nucleation rate B, was experi-
mentally determined by employing the analytical method of
secondary nucleation, which has commonly been applied in
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the special research field of ‘‘crystallization’’, considering an
analogy between Ab fibril formation and the crystallization
of small molecules. The formation of Ab fibrils was kineti-
cally studied with and without various liposomes by using a
TIRFM method combined with thioflavin T (ThT),
which can specifically bind to the fibrils. The possible role
of liposome membrane in the differentiation of the morphol-
ogy of the Ab fibrils is finally discussed based on the esti-
mated B value and direct observation of the corresponding
morphology.

Materials and Methods

Materials

Amyloid-b protein with 40 amino acid residues (Ab (1-
40)) was purchased from the Peptide Institute (Osaka, Ja-
pan). 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DMPG),
1,2-dimyristoyl-phosphatidic acid (DMPA), and 1-stearoyl-2-
arachidonyl-sn-glycero-3-phosphocholine (SAPC) were obtained
from Avanti Polar Lipids (Alabaster, AL, USA). Thioflavin
T (ThT), NaCl, 2-Amino-2-hydroxylmethyl-1,3-propanediol,
(Tris) and NH3 were purchased from Wako Pure Chemical
Industries, Ltd. (Japan Osaka). Ethylenediamine-N,N,N0,N0-
tetra acetic acid,tetra sodium salt,tetra hydrate (EDTA) was
obtained from Dojindo (Kumamoto, Japan). Other used
reagents were purchased from Sigma Aldrich and Wako
Pure Chemical Industries, Ltd. (Japan Osaka).

Preparation of Liposome

Preparation of nonoxidized liposome (DMPC, DMPA
and DMPG liposome)

The liposome composed of DMPC, DMPA, or DMPG
was prepared by a previously reported method.22 The lipid
was dissolved in chloroform and then dried by rotary evapo-
ration under reduced pressure. The remaining solvent was
removed under high vacuum overnight. The lipid was
hydrated with water to form multilamellar vesicles (MLVs).
Large unilamellar vesicles (LUVs) were formed from the
MLVs with five cycles of freeze–thaw treatment. They were
extruded through a polycarbonate filter with a 100-nm pore
dia. using the extrusion device Liposofast from Avestin
(Ottawa, Canada).

Preparation of oxidized liposome

The oxidized liposome was prepared by a previously
reported method.22 For the oxidization of SAPC, the CuCl2
(2mM) and H2O2 (20mM) were added to the SAPC solution
and then stirred for 15 h at room temperature. The concen-
tration of the SAPC liposome was measured with a commer-
cial kit. The sample was mixed with DMPC, DMPA, or
DMPG in varying proportions, and thin films of the mixed
lipids were prepared by removing the solvent. DMPC/SAP-
Cox, DMPA/SAPCox, and DMPG/SAPCox liposomes were
finally prepared.

Preparation of Ab solution

Ab (1-40) peptide solution was prepared from powder by
dissolving in 0.2% NH3 solution to make 200 lM of stock
solution at 4�C.

Direct Observation of Growth of Ab Fibrils with Total
Internal Reflection Fluorescence Microscopy (TIRFM)

TIRFM observations were performed by a previously
reported procedure.9 Briefly, the TIRFM system used to
observe the aggregation of amyloid fibril formation was
developed based on an inverted microscope (IX70, Olym-
pus,Tokyo,Japan). Ab stock solution was diluted with Tris
Buffer (pH 7.5), NaCl solution,ThT, and each liposome solu-
tion. The final solutions contained Ab (1-40) (50 lM), Tris
(50 mM), NaCl (100 mM), ThT (10 lM), and each liposome
(250 or 0 lM). These samples were incubated at 37�C for
more than 48 h. The ThT molecule was excited at 442 nm
by a helium-cadmium laser (IK5552R-F, Kimmon,Tokyo,Ja-
pan). The laser power was 4-80 mw, and the observation pe-
riod was 3–5 s. The fluorescence image was filtered with a
bandpass filter (D490/30, Omega Optical, Bratteboro,VT),
and visualized using a digital steel camera (DP70,Olympus).

For the estimate of number density of fibrils observed,
The total internal reflection of helium-cadmium laser gener-
ated the evanescent field with about 100 nm thickness.9

Fibrils counted up are considered to be in the evanescent
field. To simply estimate the number density of nuclei and
fibrils on the TIRFM system, 100 nm in thickness of evanes-
cent layer was adopted.

Kinetic of amyloid fibril formation

The degree of aggregation of amyloid fibril formation was
determined using a fluorescent dye, ThT, that specifically
binds to fibrilous structures.9,14,15 Samples contained Ab
(1-40) (5 lM), Tris (50 mM), NaCl (100 mM), and each lip-
osome 250 or 0 lM). These samples were incubated at 37�C
for more than 48 h, and the fluorescence intensity was meas-
ured at arbitrary times to investigate kinetic change. Meas-
urements were made used Jasco FP-6500 fluorescence spec-
troscopy and were performed at an excitation wavelength of
444 nm and an emission wavelength of 485 nm.

Statistical analysis

All the experiment was performed by at least three times.
In order to show the significant difference between data, a
student t-test was performed.

Results and Discussion

Morphology of Ab fibrils prepared with and without
various liposomes

It is well-known that the liposome membrane can affect
the fibrillogenesis of the amyloidgenic proteins.5 Based on
observations when using modified solid substrates, it has
been reported that the surface state factors affecting fibrillo-
genesis are the hydrophobicity,23 roughness,23 and charge
density7 of the solid substrate. Various liposomes with dif-
ferent physicochemical properties were, therefore, prepared
using zwitterionic/negatively-charged and the oxidized phos-
pholipids. After the liposome (250 lM in lipid) suspension
was mixed with Ab (5 lM), the mixture was incubated at
37�C for 48 h.

The total internal reflection fluorescence microscopy
(TIRFM) method combined with Thioflavin-T (ThT)9,14–16 is
a powerful tool for directly observing the morphology of Ab
fibrils, as it has been reported that the fibrils could be stained
by a fluorescence probe, ThT.24 The various morphologies
of the Ab fibrils were observed in the absence and presence
of the various liposomes, as shown in Figure 1A–C. Yagi
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et al.9 have reported that the morphology of the fibrils can
mainly be categorized into three groups: Type I fibrils are
basic straight and rigid fibrils with a diameter of � 10–15
nm; Type II fibrils are spherulitic amyloid assemblies of
type I basic fibrils; and Type III fibrils are wormlike fibrils
made of the short and rigid fibrils associated laterally.9

The morphology formed in the presence and absence of
liposomes was investigated in terms of the aforementioned
criteria.

In the absence of liposome, fibrils with various morpholo-
gies such as the type I straight and rigid fibrils were
observed (Figure 1A), as described previously.19 The deter-
mined length distribution of the formed fibrils indicated that
relatively long fibrils (a median length 3.1 lm) were formed,
but that the number of fibrils was relatively small (n(L))
(Figure 1D). Some of the types of liposomes summarized in
Table 1 were used to examine the effects of the addition of
liposomes on the growth of fibrils and their morphology. In

the presence of the zwitterionic DMPC, negatively charged
DMPG) and DMPA liposomes, short laterally associated
fibrils were observed (Figure 1B,E). Although these fibrils
did not elongate considerably to form the worm-like fibrils
(Type III), these fibrils are regarded as type III. The spheru-
litic amyloid assemblies (Type II) were observed in the pres-
ence of the oxidized and negatively charged DMPG/SAPCox
(60/40 mol %), and DMPA/SAPCox (60/40 mol %) lipo-
somes (Figure 1C). Based on the TEM observation, the Type
II fibrils were made of the fibrils elongated from the core
(data not shown). It is, therefore, difficult to evaluate the dis-
tribution of fibril length existing within spherulitic amyloid
assemblies. Meanwhile, the elongation propensity of fibrils
not incorporated into spherulitic amyloid assemblies would
be the same as that of the type II fibrils because the fibril
elongation is basically dominated by the template effect.14,16

The length distribution of fibrils, except for the fibrils of
type II, was estimated to be 2–10 lm (Figure 1F).

Table 1. Comparison of Secondary Nucleation Rate and Habits

Liposome
Habits of

amyloid fibrils*

Major possible
mechanism of secondary

nucleation$

Secondary
nucleation rate
B [# m�3s�1]Lipid composition Surface state

No liposome - Type I - (2.83�0.55)�105

DMPC Zwitterionic Type III (v) (1.35�0.23)�105

DMPC/SAPCox (60/40 mol%) Zwitterionic/ Oxidized Type III (ii),(iv),(v) (1.63�0.21)�105

DMPG Negatively charged Type III (v) (4.03�0.68)�104

DMPG/SAPCox (60/40 mol%) Negatively charged/ Oxidized Type II (ii)-(iv) (7.63�1.2)�104

DMPA Anionic Type III (v) (1.58�0.33)�105

DMPA/SAPCox (60/40 mol%) Anionic/ oxidized Type II (ii)-(iv) (7.65�0.47)�105

*Type I: straight and rigid fibrils, Type II: spherulite, Type III is likely to include a lateral association. $ Major mechanisms on secondary nucleation are: (i)
breaking, (ii) forking, (iii) diffusible, (iv) branching, (v) thickening. The B value were estimated under the experimental conditions such as Ab(1-40) monomer:
5 lM, liposome: 250 lM, 37�C, pH 7.4, ThT: 10 lM.

Figure 1. TIRFM image and the population density of Ab fibrils with length L (A,D) without control, (B,E) with DMPA
liposome, and (C,F) with DMPA/SAPCox (60/40 mol %) liposome.

The concentrations of Ab(1-40) monomer and liposome were 50 lM and 250 lM, respectively. The fibril formation of Ab(1-40) (5
lM) was performed at 37�C, pH 7.4. Evanescent layer was assumed to be 100 nm. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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It was, thus, found that the morphology of the Ab fibrils
could be varied, depending on the type of liposome mem-
brane.

Kinetic analysis of Ab fibrils with and without various
liposomes

It has been reported that ThT specifically binds to a b-
sheet structure of Ab fibrils.24 The fibril formation of Ab in
the presence and absence of liposomes was investigated in
order to determine the factor inducing an increase in n(L).
As shown in Figure 2A, the final value of ThT fluorescence
intensity for fibrils with oxidized liposomes indicated a defi-
nite small value as compared with those without and with
nonoxidized liposome. In order to kinetically analyze the
fibril growth behavior, the following function25 was adopted

IðtÞ ¼ Ii þ mitþ
Imax þ mf t

1 þ exp �k t� tmð Þf g (1)

where tlag was the lag time, kapp the apparent elongation rate
constant, Ii and Imax the ThT fluorescence intensity at the
initial and final stage, and mi and mf the correction factor at the
initial and final stage. The tm values is connected with the tlag

value by tlag ¼ tm � 2k�1
app.

The lag time corresponds to the time that requires the for-
mation of small species of Ab fibrils which are detectable
with ThT binding assay. As shown in Figure 2B, in the
absence of liposomes, the lag time was approximately 14 h.
A similar lag time was observed in the presence of DMPC
liposomes (tlag � 11–13 h). In contrast, the obviously accel-
erated effect of nucleation was observed in the presence of
DMPC/SAPCox liposome (tlag � 4–6 h), which is in agree-
ment with the accelerated nucleation caused by DMPC/SAP-
Cox as reported by Axelsen et al.27 The decrease in tlag was
also observed in the case of DMPG/SAPCox liposome.
Among the possible reasons, the aforementioned accelerated
effect could be caused by the strong interaction of Ab mole-
cule with the oxidized lipids of DMPC/SAPCox lipo-
some.22,26 It is considered that the accumulation of Ab on
the oxidized liposomes could surpass the critical concentra-
tion of fibril formation of Ab (Ccrit � 17.6 lM 27). Mean-
while, DMPA/SAPCox liposome showed the large tlag value
(tlag � 21 h), compared with DMPC/SAPCox and DMPG/
SAPCox. This might result from the contribution of acidic
lipid PA rather than oxidized lipids. Actually, Chauhan et al.
have reported that Ab strongly interacted with anionic phos-
phatidic acid (PA) liposome, in contrast to PC and PG, via
the binding of Lys28 (28th amino acid residue in Ab mole-
cule) with the phosphorous group of PA.28 Meanwhile, the
number of density of fibrils (n(L)) formed on DMPA lipo-
somes (Figure 1E) was less than that of fibrils formed in the
bulk aqueous phase (Figure 1D). It is, therefore, considered
that the DMPA-Ab interaction, which could accumulate Ab
molecules, seems to be disadvantageous for the nucleation.
We considered again the possible reason on the large tlag

value for DMPA/SAPCox. This liposome could accumulate
the large number of Ab molecules because of the contribu-
tion of both DMPA and oxidized lipids. It is considered that
the DMPA/SAPCox-Ab interaction might require the long
time to form the large number of nuclei.

On the other hand, the Imax value was varied, depending
on the liposome type. The Imax value obtained in the case of
oxidized liposomes was smaller value than those for the
other conditions (Figure 2C). Considering the results shown

in Figure 1D–F, the rapid nucleation of Ab fibrils favored
the formation of many fibrils with shorter length (n(L) vs L).
The addition of the oxidized liposome promoted the nuclea-
tion process prior to the fibril elongation, resulting in the
production of short fibrils of Ab. The increase in n(L)
between the aqueous phase and the liposome system is
thought to be caused by the secondary nucleation, as
described previously.18,29 Besides, those properties might
relate to the morphology of formed fibrils. Fibrils with type
II favored to show the quite small Imax value.

Therefore, a mechanism of the variety of morphology of
fibrils would be discussed on the kinetic parameters such as
tlag and Imax. In the following, the possibility of reconsider-
ing the function I(t) by the number density of fibrils n(L,t) at
time t is discussed further, in order to elucidate the relation-
ship between the fibril growth kinetics and the morphology
of fibrils.

Estimate of secondary nucleation rate

In the field of crystallization, a quantification method to
estimate the secondary nucleation rate, B [# m�3 s�1], has
been established. The B value is expressed by a product of
the elongation rate, G [m s�1] (¼ dL/dt), and the number
density of nucleation with L � 0, n0 [# m�4]30

Figure 2. Kinetic analysis of amyloid fibril formation.

(A) Time-course of ThT fluorescence intensity without

liposome (closed circle), with DMPC liposome (rectan-

gle), with DMPC/SAPCox (60/40 mol %) liposome

(doubled circle), (B) lag time, and (C) the maximal ThT

fluorescence intensity Imax for various liposomes. Ab(1-
40) monomer: 5 lM, liposome: 250 lM, 37�C, pH 7.4,

ThT: 10 lM. All experiments were repeated at least

three times. * p\ 0.01. All the experiments were at least

triplicated.
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B ¼ G � n0 (2)

(Note that NðL; tÞ ¼
R L

0
nðL; tÞdL, then n0 ¼ (dN/dL)L ¼ 0

¼ (dN/dt)L ¼ 0/(dL/dt) ¼ B/G). Meanwhile, there is no rea-
sonable method to estimate the n0 value of amyloid fibrils.
In contrast, it has been reported that the estimate of the G
value is subject to the surface state of the solid substrate,
where the fibrils develop.16 Another explanation for the B
value is presented herein, focusing on the kinetic measure-
ment using ThT. The fluorescence probe ThT at time t is
assumed to bind to the fibrils in proportion to both the fibril
length (L), and number density at time t (n(L,t)). Since the
length and number of fibrils was increased, the observed
ThT fluorescence I(t) can be rewritten as a function of time t

IðtÞ ¼ a

Z 1

0

LðtÞjnðL; tÞdL (3)

where, j is a parameter relating to the morphology of fibrils.
The major objective in this study is to coarsely estimate the
secondary nucleation rate B. For the simplicity, the parameter j
was herein assumed to be 1. Then, the estimated Imax value at t
¼ tf in Figure 2 can be described as a function of n(L).

Imax ¼ a

Z 1

0

Lðtf ÞnðL; tf ÞdL (4)

The second term on the righthand side can be calculated
from Figure1D–F. Thus, the proportional factor a is experi-
mentally obtainable from Figure 1D–F and Figure 2C. The pro-
portionality a is considered to depend on the quantum yield of
ThT and its affinity to the target fibrils, although further inves-
tigations are needed. Differentiating the Eq. 3 by time t

dI

dt
¼ a

d

dt

Z 1

0

LndL ¼ a

Z 1

0

Gnþ L
@n

@t

� �
dL (5)

At the duration of tlag � tlagþ2 (hour), the nuclei with
L�0 grows to fibrils with a length dL. The tlag value is, here-
with, obtainable from the Eq. 1. Therefore, the foremen-
tioned Eq. 5 can be rewritten as follows

dI

dt

� �
t¼tlag�tlagþ2

¼ a

Z dL

0

GndLþ a

Z dL

0

L
@n

@t
dL

Note that the term on the lefthand side indicates the slope
of the ThT intensity between tlag � tlagþ2. The first term of
the righthand side (

R dL
0

GndL) is a contribution of the elonga-
tion of each fibril to the incremental change of ThT fluores-
cence intensity. The second term (

R dL
0

L @n=@t dL) is a contri-
bution of the increase in nuclei with a length 0�dL by a sec-
ondary nucleation. The integral term can be simplified if the
G value is a function of L. The direct observation of a single
fibril, by using the TIRFM combined with ThT, gives the
time-course of fibril length (Figure 3A). The initial variation
(dL/dt) corresponds to the G value (Figure 3B). The G value
is found to be independent of the fibril length L (Figure 3C).
Therefore, a contribution of the first term of the righthand
side is considered to depend on only the number of nuclei or
fibrils. We assumed, during 2 h of tlag � tlag þ2, that a con-
tribution of the first term can be surpassed by a contribution
due to a generation of nuclei by a secondary nucleation.

This is because a growth of nuclei up to dL in length being
rapid (Figure 3). The aforementioned equation can, therefore,
be simplified into the following equation

dI

dt

� �
t¼tlag�tlagþ2

¼ a

Z dL

0

GndLþ a

Z dL

0

L
@n

@t
dL � a

Z dL

0

L
@n

@t
dL

A secondary nucleation rate should be related to not only
a increase in number density of nuclei but also a length L of
nuclei. It should, therefore, be noted that the last integral
term can be substituted by B, because the incremental
change in number density of nuclei after tlag is possibly due
to a secondary nucleation rather than a primary nucleation.
Therefore, the following equation can be obtained

dI

dt

� �
t¼tlag�tlagþ2

¼ a

Z dL

0

L
@n

@t
dL � aB

) B ¼ dI

dt

� �
tlag�tlagþ2

=a ð6Þ

This equation involves no influence of the surface state of
the observation field and the uncertainty of the estimate of
n0 (nucleation with length L� 0). The Eq. 6 gives the coarse
B value because of the following assumptions for elucidating
Eq. 6: (1) the uncertainty of n(L) of fibrils with submicron
in length (due to the limitation of microscopic observations)
was negligible; (2) a first-order dependence of L on ThT flu-
orescence intensity was adopted, and (3) The secondary
nucleation was dominant at the time range of t [ tlag. The
calculated secondary nucleation rates are summarized in Ta-
ble 2, together with the secondary nucleation rate of the
other materials. The order of the B value is approximately
104–105 [# m�3 s�1], which is comparable with the previ-
ously reported results.30,31

Role of Oxidized Liposome on Secondary
Nucleation of Ab Fibrils

The secondary nucleation rate of Ab fibrils in the presence
of various liposomes was examined (Figure 4A). In general,
the addition of DMPC, DMPG, and DMPA liposome gave a
small B value. Those B values were a bit smaller than that
without liposomes ((2.83 � 0.55) � 105 # m�3 s�1). This
appeared to be relating to the situation, in which fibrils
formed on unoxidized liposomes was likely to show the lower
secondary nucleation. It was also found that the oxidized lipo-
some favored to increase the secondary nucleation rate and
the fragmentation rate constant. Especially, the DMPA/SAP-
Cox liposome gave the largest B value ((7.65 � 0.42) � 105

# m�3 s�1). The difference in B values between the DMPA/
SAPCox and the other two oxidized liposomes might have
result from the Ab-lipid interaction. As stated before, Ab
could strongly interact with PA liposome, in contrast to PC
and PG liposomes.28 According to the report by Fernandez,32

the fibrils seems to form via the hydrogen bonding between
the b-sheet of Abs. The stability of hydrogen bonding appears
to determine the stiffness of fibrils. The disruptive force
would makes it possible to disrupt hydrogen bondings formed
between b-sheets of Abs in fibrils. Fibrils with a larger B
value are, therefore, considered to possess a flexible structure
that can be subject to mechanical stress (i.e., disruptive force).

In actual, the fragmentation rate constant of fibrils, kf [s�1],
was examined by ultrasonication (Figure 4B). In any liposome
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with different lipids, the addition of the oxidized lipid
increased the kf value, indicating that the oxidized lipid
induced the formation of fibrils with a structural advantageous
for disruption. DMPC, DMPG, and their oxidized liposome
system indicated a larger kf value than that for the fibrils
without liposomes. In contrast, DMPA and its oxidized lipo-
some indicated smaller kf values. This difference may have
depended on the bulkiness of the assemblies of amyloids. In
conclusion, the kf value roughly showed the similar trends to
the B value. It is considered that the secondary nucleation
involved the process such that the variation in n(L) could be
induced by the fragmentation or other factors.

Relationship between the secondary nucleation of fibrils
and their morphology

In the presence of various liposomes, the secondary nuclea-
tion rate of Ab fibrils and their morphology (habits) as crys-
tals were compared. The secondary nucleation rate of fibrils
and their habits observed in the various conditions are sum-
marized in Table 1. In the absence of the liposome, the linear
and rigid type I fibrils were likely to show medium secondary
nucleation. In contrast, the oxidized liposome system favored
a larger secondary nucleation rate, resulting in the formation
of type II fibrils with spherulitic amyloid assemblies.

Andersen et al.18 have reported that the secondary
nucleation mechanisms involve five different processes
(1) breaking, (2) forking, (3) diffusible, (4) branching, and

(5) thickening, with types (2) � (5) being based on a
nonbreaking mechanism. The B value estimated by the Eq. 6
is, in principle, based on the above mechanisms. The mode of
(5) thickening involves the aggregation of filaments, protofi-
brils and short fibrils to form the matured fibrils, which is cor-
responding to the secondary nucleation. The modes of 1–4
would positively contribute to the variation of n(L) against the
time whereas the mode of (5) negatively. Thus, the estimation
of B value determines the balance of both contributions. It
has also been reported that the laser-induced destruction of
fibrils (breaking) could induce fibrils of type II.9 However,
such a strong laser irradiation was never used for the observa-
tion of fibrils in this study, implying that there was no distinct
contribution of the breaking mechanism (1) in fibril growth.

In the case of secondary nucleation without (1) breaking,
the nonbreaking mechanisms of (2) � (5) should be dis-
cussed. Unless fibrils have a (2) forking or (4) branching
structure, the fibrils formed via the secondary nucleation
would be a consequence of nucleation, which occurs later-
ally on the fibrils and in subsequent growth without a (3)
diffusible mechanism. This mechanism ((5) thickening)
would be plausible in the case of nonoxidized liposome such
as DMPC, DMPA, and DMPG liposome (Figure 1B). Con-
sidering this possible mechanism in the case of nonoxidized
liposome, the possible reason for medium B value in the ab-
sence of liposome was that the secondary nucleation favored
not to be restricted on the surface of liposome membranes.

Figure 3. (A) Direct observation of growth behavior of a linear and rigid fibril, (B) time-course of changes in fibril
length, and (C) relationship between the elongation rate of fibrils and their initial length Ab(1-40) mono-
mer: 50 lM, ThT: 10 lM. White bar represents 10 lm.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 2. Comparison of Secondary Nucleation Rate by Several Methods

Experimental condition
Secondary nucleation

rate B [#m�3s�1] Ref.

Ab fibrils 50 lM of Ab(1-40) fibrils was observed with TIRFM to obtain the G value. (3.16�0.31)�105 This study
ThT fluorescence intensity of Ab(1-40) fibrils (5 lM) was monitored. (2.83�0.55)�105 This study

AlK(SO4)2�12H2O Mixed suspension mixed product removal
(MSMPR) -typed crystallization reactor was used to obtain the crystal.

7.44�107 30

Lysozyme Crystallization with a mixed vessel under supersaturation 3.1�5.0 104�107 31
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In the case of DMPC/SAPCox, diffusible, worm-like
fibrils with branching were observed. Mechanisms of (2) �
(5) might have contributed to the habits of fibrils, although
the distinction of (2) forking, from (4) branching, requires a
precise estimation of the line density of fibrils with a scan-
ning TEM technique. In addition, there may have been no
contribution of the mechanism (3), as no radiating growth of
fibrils was observed in the presence of DMPC/SAPCox. As
previously reported,26 oxidized SAPCox lipids could pro-
mote the accelerated nucleation of Ab molecules because of
their accumulation on the membrane surface. It is, therefore,
considered that such short fibrils formed on the liposomes
would associate to form type III fibrils.

In addition, spherulitic amyloid assemblies were observed
in the presence of DMPA/SAPCox and DMPG/SAPCox lip-
osomes (Figure 1C). The branching/forking of fibrils and
their diffusible growth was observed, although the contribu-
tion of fibril thickening was still unclear. It is, therefore,
considered that the oxidized lipids might induce the branch-
ing of fibrils. PA28 also promotes the acceleration of Ab
fibrillogenesis, similar to SAPCox.26 Due to this effect, the
number of formed nuclei would increase, consistent with the
results for the n(L) value for DMPA/SAPCox (Figure 1F).
Negatively charged lipids such as PG suppress the elonga-
tion of fibrils on the liposome membrane,33 implying that
short fibrils or nuclei were likely to be formed. At an earlier
stage, the nuclei formed on liposome would associate and
aggregate to a large extent, sufficient to induce many more
growth ends of assembled fibrils. This might result in the
long duration of lag time for DMPG/SAPCox, and especially
DMPA/SAPCox compared with DMPC/SAPCox (Figure 2B).

Besides, this property might be one of factors related to the
induction of the type II fibrils.

In conclusion, a coarse quantification method for the sec-
ondary nucleation rate of fibrils was developed that provided
a plausible explanation of the variety of morphologies of
fibrils induced in the presence of various liposomes, a pro-
cess that can herewith be defined as ‘‘Biomembrane-Medi-
ated Crystallization’’.
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