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Hierarchical ordering of amyloid fibrils on the mica
surface†

Xingfei Zhou,a Yingying Zhang,a Feng Zhang,*b Saju Pillai,‡c Jianhua Liu,a Rong Li,a

Bin Dai,d Bin Lid and Yi Zhang*d

The aggregation of amyloid peptides into ordered fibrils is closely associated with many neuro-

degenerative diseases. The surfaces of cell membranes and biomolecules are believed to play important

roles in modulation of peptide aggregation under physiological conditions. Experimental studies of

fibrillogenesis at the molecular level in vivo, however, are inherently challenging, and the molecular

mechanisms of how surface affects the structure and ordering of amyloid fibrils still remain elusive.

Herein we have investigated the aggregation behavior of insulin peptides within water films adsorbed

on the mica surface. AFM measurements revealed that the structure and orientation of fibrils were

significantly affected by the mica lattice and the peptide concentration. At low peptide concentration

(�0.05 mg mL�1), there appeared a single layer of short and well oriented fibrils with a mean height of

1.6 nm. With an increase of concentration to a range of 0.2–2.0 mg mL�1, a different type of fibrils with

a mean height of 3.8 nm was present. Interestingly, when the concentration was above 2.0 mg mL�1,

the thicker fibrils exhibited two-dimensional liquid-crystal-like ordering probably caused by the

combination of entropic and electrostatic forces. These results could help us gain better insight into the

effects of the substrate on amyloid fibrillation.
1 Introduction

The aggregation of soluble amyloid peptides into highly ordered
brils has received considerable attention because of their
relevance to many neurodegenerative diseases.1–3 The well-
known examples include amyloid-beta (Ab) peptide and alpha-
synuclein (a-Syn),4–6 which are predominant in neuritic plaques
of Alzheimer's and Parkinson's patients, respectively. These
ndings raise questions as to the factors driving and regulating
related native functional proteins into insoluble brils.
Numerous recent studies have made signicant progress in
understanding the peptide brillogenesis. It has been shown
that amyloid bril formation usually involves a nucleation-
dependent polymerization mechanism consisting of an initial
lag phase (nucleation) followed by a growth phase (elongation)
and a steady state phase.7,8 This progress has been suggested to
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be profoundly affected by the incubation temperature, inter-
faces, ionic strength and the addition of nanomaterials.9–14

One of the most puzzling phenomena in previous studies is
that amyloid peptides could aggregate into brils in vivo at
concentration 2–3 orders of magnitude lower than the critical
value required for brillation in centrifuge tubes.15–17 Several
possible mechanisms have been proposed to interpret this
discrepancy. The prevalent opinion is that surfaces from cell
membranes and other macromolecules may play primary roles
in modulating peptide aggregation under physiological condi-
tions.18,19 Indeed, within a living cell amyloid peptides are in
very crowded environments owing to the existence of many
volume-excluding macromolecules such as proteins, poly-
saccharides and lipids, which is oen referred to as the
molecular crowding effect.20–22 Recently, the mutual interac-
tions between membrane surfaces with Ab and a-Syn have been
revealed.23,24 It has been observed in particular that the
conformation shied from a random coil free in solution to a
membrane bound a-helix and then to b-sheet aggregation for Ab
and islet amyloid polypeptide (IAPP),23,25,26 suggesting a
membrane surface-mediated brillogenesis.

Due to the inherent challenges of experimental measure-
ments in a crowded system in vivo, solid–liquid interfaces,
therefore, have been frequently used to mimic the macromo-
lecular crowding environments.27–30 It has been generally
recognized that substrates are capable of providing templates
for the misfolding and ordering of amyloidogenic proteins into
This journal is ª The Royal Society of Chemistry 2013
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brils;27,31–33 and the brillation progress remarkably depends
on the compositions and physicochemical properties of
substrates.31,33–37 For example, the hydrophobic teon surfaces
could catalyze the insulin aggregation;38 in contrast, the bril-
lation process of IAPP was delayed by hydrophilic mica.39

Despite the growing number of reports of peptide aggregation
on solid–liquid interfaces, however, the molecular mechanisms
of how substrates affect the structure and ordering of amyloid
brils still remain elusive.

We have previously studied the diffusion and aggregation
behavior of amyloid-like short peptides in two-dimensional
water nanolms condensed on mica under ambient condi-
tions.31,40–42 In this paper, we investigated the brillation of
insulin at an interface of the mica substrate and thick water
lms achieved by incubating insulin peptides on the mica
surface under high temperature and high humidity. We
surprisingly found that the structure and orientation of insulin
brils were profoundly inuenced by the peptide concentration
as well as the mica lattice underneath. Interestingly, the hier-
archical ordering of insulin brils was observed, including
threefold and two-dimensional liquid-crystal-like ordering of
brils with a mean height of 1.6 and 3.8 nm, respectively.
2 Materials and methods
Chemicals and surface modication

Frozen insulin peptides were purchased from ProSpec with a
purity of 98% and used without further purication. The insulin
powder was dissolved in Milli-Q water (18.2 MU) to a concen-
tration of 5.0 mg mL�1. The pH of the solution was adjusted to
1.6 using 2 M HCl. The stock solution was stored at �20 �C and
diluted to a designed concentration before use. In the control
experiments, mica surfaces were modied with either NH2- or
CH3-group by 3-aminopropyltriethoxysilane (APTES) (Sigma,
Shanghai) and octadecyltrichlorosilane (OTS) (J&K Scientic
Ltd) respectively before incubating insulin peptides on it. For
NH2-modication, a drop of freshly prepared aqueous solution
of 0.5% APTES was placed on a mica surface. Aer 10 min
incubation, the sample was extensively rinsed with Milli-Q
water and dried with N2 gas. Then the sample was heated at
100 �C for 1 hour. Aer cooling down it was stored in desicca-
tors for use. Coating with the CH3-group was achieved by
immersing mica in an OTS–toluene solution (1 : 250 v/v) for 3
min, then the CH3-modiced mica was rinsed with toluene
before drying under a nitrogen stream. Contact angle
measurement and XPS analysis conrmed the successful
modication of the mica surface with CH3- or NH2-group
(Fig. S1 and Table S1 in the ESI†).
Fig. 1 Schematic description of the peptide sample preparation process
including the preparation of freshly cleaved mica (a), deposition of a drop of
peptide solution on mica (b), spreading and drying of the peptide solution on the
mica surface (c) and incubation of the sample in a sealed environment at 90 �C
and 100% RH (d).
Self-assembly of insulin brils

The preparation protocol for the brils formed on the mica
surface within condensed water lms was as follows: a drop of
10 mL peptide solution (pH: 1.6) with a designed concentration
was deposited on mica (or CH3-, NH2-modied mica) with a
surface area of �0.8 � 0.8 cm2, and spread uniformly on the
whole mica surface. Aer dried in air, they were transferred into
This journal is ª The Royal Society of Chemistry 2013
a sealed environment and incubated at 90 �C and �100%
relative humidity (RH) for a designed period of time.

To prepare aggregated insulin brils in solution, �100 mL
peptide solution (pH: 1.6) with a concentration of 0.5 mg mL�1

was incubated at 90 �C for 24 hours. Then, a drop of the solution
was deposited on mica and dried with N2 gas in air for AFM
measurement.

Characterization of insulin brils

Tapping mode atomic force microscopy (AFM) images were
collected using a NanoScope IIIa SPM (Veeco Instruments, Inc.,
Santa Barbara, CA) at room temperature and �35% RH. Silicon
cantilevers with a resonance frequency of �260 kHz (RTESP,
Veeco) were used for AFM imaging. The scanning rate was
around 1–1.5 Hz. AFM data were analyzed with soware
NanoScope V5.31 and NanoScope Analysis V1.20.

The secondary structure of insulin brils formed in the bulk
solutionwas probed at room temperature using a thermonicolet
infrared microscope (Nicolet 6700) equipped with a continuum
infrared microscope accessory. A drop of the solution (2–3 mL)
was deposited on a diamond sample holder and dried under
infrared light at room temperature. The absorbance spectra of
different samples were collected with a resolution of 8 cm�1.

3 Results
Formation of two distinct types of insulin brils on mica

In our experiment, we used insulin as a model system. Initially,
10 mL of the peptide solution with a concentration of 0.2 mg
mL�1 was deposited on a freshly cleaved mica surface. Aer
dried in air, it was transferred into a sealed environment and
incubated at 90 �C and �100% RH for a designed period of
time. During incubation the peptide molecules were able to
diffuse and aggregate at the interface of the mica substrate and
the condensed water lms. The experimental procedures are
schematically illustrated in Fig. 1. The subsequent ex situ AFM
Nanoscale, 2013, 5, 4816–4822 | 4817
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Fig. 3 Height distribution of the Type I and the Type II insulin fibrils. The mean
height of these two type fibrils is 1.6 and 3.8 nm, respectively.

Fig. 4 AFM image of insulin fibrils formed in the bulk solution (a) and the cor-
responding Micro-FTIR spectra (b). Fibrils with periodically twisted morphologies
are marked with colored arrows in (a). The appearance of the peak at about
1631 cm�1 in (b) indicated the formation of the b-sheet structure.
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imaging was operated under 35% RH to probe the morphology
changes of the peptide assemblies. Interestingly, we observed a
coexistence of two distinct types of insulin brils formed on the
mica substrate aer 25 hour incubation (Fig. 2). One type of
insulin brils was short, straight, uniform and formed a very
condensed network. The other type was curved and tangled with
each other. They normally were “oating” on the top of the rst
type of insulin brils. For convenience, here we termed the
brils at the bottom and on the top layers as Type I and Type II,
respectively.

By zooming-in on a typical area more details of the bril
structure and orientation can be seen. At the bottom layer,
insulin peptides grew as individual entities with inter-bril
angles of 60� or 120� (Fig. 2b and c) forming threefold
symmetrical “epitaxial” patterns, which are very similar to the
nanolaments formed on mica as reported in our previous
works and other research groups as well.27,31,33,40–45 The oriented
growth of insulin brils in this layer was most probably driven
by the interaction between the peptides and the underlying
mica lattice. To verify this speculation, insulin peptides were
incubated on NH2- and CH3-modiedmica surfaces respectively
while keeping other experimental conditions constant. As
expected, the correlation between the bril orientation and the
crystal lattice of mica was completely destroyed on twomodied
mica surfaces. We only observed non-uniform lm-like struc-
tures formed by many irregular insulin brils on the NH2-
modied surface. While the CH3-terminated surface showed
disk-like aggregates of peptides with various sizes, no long
separated brils were observed as shown in Fig. S2 (ESI),† which
is comparable with the recent report by Moores et al.46 More-
over, we also carried out another control experiment using the
glass surface as a substrate. No ordered brils were observed
(Fig. S3 in ESI†) aer 25 hour incubation, further indicating that
the oriented growth of insulin brils stems from the underlying
mica lattice.

A statistical analysis was also conducted to obtain the
height distribution of the two types of insulin brils. Fig. 3
shows that the rod-shaped Type I insulin brils were very
uniform with a typical height of 1.6 � 0.3 nm. In comparison,
the height of the curly Type II brils reached 3.8 � 1.1 nm.
Although AFM images yield only topographic information, we
Fig. 2 AFM image of the insulin fibrils after incubation in a sealed environment at 9
as indicated by the colored rectangles in (a), (d) and (e) are the corresponding cro
respectively.

4818 | Nanoscale, 2013, 5, 4816–4822
speculate that the difference in the apparent heights of the two
types of insulin brils probably stemmed from the structural
discrepancy. On further closer inspection of Type II brils, we
found that some brils were formed via connection of small
oligomeric units with varied sizes (Fig. 2c), differing from the
straight or twisted morphology of brils formed in the bulk
solution as illustrated in Fig. 4a,47 where periodic height
uctuations along the contour of several brils can be clearly
distinguished. Fig. 4b also shows the corresponding Micro-
FTIR spectra of these brils, and the appearance of a peak at
around 1631 cm�1 indicating the formation of the b-sheet
structure.47,48

The ex situ time-lapse AFM images were further studied to
reveal the evolution of peptide diffusion and self-assembly
0 �C and �100% RH for 25 hours (a), (b) and (c) are magnified images of the areas
ss-section analysis of the fibrils marked with colored dotted lines in (b) and (c),

This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3nr00886j


Fig. 5 A series of AFM images indicating the formation of insulin fibrils on a mica substrate at 90 �C and �100% RH with the peptide concentration of 0.1 mg mL�1.
(a–c) Images obtained after 1, 10 and 20 hours, respectively. The scale bar in (a) applies to all images.
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process. As illustrated in Fig. 5, at very beginning (�1 hour), the
insulin peptides aggregated into oligomeric units, which may
correspond to monomers, dimers, or small oligomers. With an
increase of incubation time, more and more short and thin
laments appeared with certain orientation on the mica
surface. Aer 20 hour incubation, a layer of very dense and
orientationally ordered Type I insulin brils was observed, on
top of which there appeared several longer and thicker Type II
brils, indicating that the formation of Type I brils at the
bottom was prior to Type II brils on its top. Although solid–
liquid interfaces are oen reported to catalyse the formation of
amyloid brils due to an increase of the local peptide concen-
tration, the growth rate of Type I brils is estimated to be only
about 0.16 � 0.07 nm min�1 from time-lapse AFM images,
approximately 2–3 orders of magnitude slower than in the bulk
solution.49 It is likely because the peptide molecules bind to the
mica surface in water lms, resulting in a lower diffusion
constant.
Fig. 6 Morphological and orientational differences between insulin fibrils formed
1.0, 2.0 and 3.0mgmL�1. (f) and (g) are cross-section analysis of the representative Ty
all images.

This journal is ª The Royal Society of Chemistry 2013
Two-dimensional liquid crystal-like ordering of Type II brils

Inspired by the concentration dependent liquid-crystalline
behaviors of elongated biomolecular assemblies in solution,50–53

we tried to realize a two-dimensional liquid crystal-like
assembly of insulin brils on the mica surface, which has
potential applications in functional nanomaterials. Ex situ AFM
was used to monitor the buildup process of insulin peptides
within water lms with a series of different peptide concentra-
tions. Fig. 6 illustrates the concentration dependence of the
insulin brillation aer 25 hour incubation at 90 �C and�100%
RH. Only a single layer of Type I brils was observed when the
peptide concentration was 0.05 mg mL�1. The insulin brils
showed a high degree of homogeneity with a mean height of 1.6
nm. With an increase of the peptide concentration to a range of
0.2–2.0 mg mL�1, an extra layer of longer and thicker T ype II
brils appeared. When the peptide concentration was further
increased above 2.0 mg mL�1, we remarkably observed a locally
on the mica surface at various concentrations as revealed by AFM. (a–e): 0.05, 0.2,
pe I and Type II fibrils marked with colored lines in (b). The scale bar in (a) applies to

Nanoscale, 2013, 5, 4816–4822 | 4819
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ordered Type II bril “oating” on the top of the preformed
Type I bril layer as illustrated in Fig. 6e and f. Generally, the
aspect ratio and the bril concentration are the most important
variables in solution for the presence of liquid-crystalline
ordering such as smectic or nematic phases because of the
entropic excluded-volume effects.53–55 In our experiments, due
to the highly effective concentration of insulin on mica and the
charges on brils, the local ordering of Type II brils on the top
layer was probably driven and regulated by the entropic force as
well as electrostatic repulse interaction between brils.56 In
contrast, it is interesting to point out that the Type I insulin
brils seem to be very similar in height, morphologies and
orientation in a wide range of concentrations from 0.05 to more
than 2 mg mL�1, implying that the mica substrate might play a
dominant role in the formation of Type I brils.
4 Discussion

Our results lead to a conclusion that the aggregation behavior of
insulin peptides on the mica surface was critically dependent
on the peptide concentration as schematically illustrated in
Fig. 7. In our experiments, we should emphasize that the water
lms condensed on the mica surface provide an environment
Fig. 7 Schematic illustration of fibril formation and ordering on the mica surface
at different peptide concentrations. At low peptide concentration (�0.05 mg
mL�1), short and well oriented Type I fibrils were present on mica (a); at middle
concentration, Type I and Type II fibrils co-existed (b); when the concentration was
above 2.0 mg mL�1, Type II fibrils exhibited two-dimensional liquid crystal-like
ordering (c).

4820 | Nanoscale, 2013, 5, 4816–4822
for insulin peptides to self-assemble. In general, a water lm
covers on the hydrophilic mica surface via keeping a dynamic
balance between the evaporation and condensation of water
molecules. The behavior of macromolecules in the water
nanolm on the mica surface in an ambient environment has
been reported recently, for example, Emmanouil et al. observed
the diffusion and aggregation of the poly(isoprene-b-ethylene
oxide) block copolymer within interfacial water layers.57 In our
case the peptides on the mica substrate were kept in a sealed
environment and incubated at 90 �C and �100% RH, under
which the water layers adsorbed on mica should be much
thicker than those at room temperature due to the higher
saturated vapor pressure. It is plausible to envisage that the
Type I brils grew very close to the mica surface because the
orientation of these brils was strongly modied by the mica
lattice through electrostatic and van der Waals interactions.58,59

From Fig. 5 and 6 it can be clearly seen that the Type II brils
grew much faster than Type I. Hence, we infer that Type II
brils were formed in less conned water layers with bulk-like
features. A very interesting phenomenon is the concentration-
dependent ordering of Type II brils oating on the underlayer
of Type I brils. Generally, in solutions of highly concentrated
brils, liquid-crystalline ordering is induced by the entropic
excluded-volume (depletion) effect.53,56 While in our case, elec-
trostatic interactions between brils also contributed to the
entropic ordering process. Similar ordering processes for
charged species were also reported experimentally in the
ordered complexation of DNA–liposome systems by X-ray scat-
tering analysis.60 To further explore the effect of concentration
on Type II bril ordering, the behavior of insulin peptides was
also investigated within water lms on mica with reduced
thickness achieved by incubating the samples at lower
temperature (70 �C) (Fig. S4 in ESI†). Although it is very tough to
quantify the absolute thickness of the water lm absorbed on
mica under different temperatures, as expected, two hierarchi-
cally ordered layers of insulin brils were also present at a
concentration of one order of magnitude lower than that for
high temperature (90 �C), implying that the entropic force
between brils at high concentration may play a critical role in
orienting the brils.
5 Conclusions

We found that the mica substrate has great inuence on the
insulin aggregation and brillation. The structure and orien-
tation of brils were strongly dependent on the peptide
concentration. At low peptide concentration (�0.05 mg mL�1),
short and threefold oriented Type I brils were present. With an
increase of concentration, Type I and Type II brils co-existed
on mica. Interestingly, when the peptide concentration was
above 2.0 mg mL�1, Type II brils formed a layer that exhibited
two-dimensional liquid-crystal-like ordering. Our ndings
highlight the important roles that the mica substrate plays on
the formation of amyloid brils, which could help us gain better
insight into the effects of surfaces on the fundamental
biochemical processes in a living cell. From a practical view-
point, amyloid brils with the controlled orientational order
This journal is ª The Royal Society of Chemistry 2013
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could potentially serve as scaffolds for biomineralization or as
templates to direct the growth of another organic or inorganic
structure.45,61
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