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The in vivo folding of amyloid β (Aβ) is influenced by many
factors among which biomembrane interfaces play an impor-
tant role. Here, using surface-enhanced infrared absorption
(SEIRA) spectroscopy and atomic force microscopy (AFM), the
adsorption, structure, and morphology of Aβ42 aggregating on
different two-dimensional interfaces were investigated. Results
show that interfaces facilitate the aggregation of Aβ42 and are
conducive to the formation of homogeneous aggregates, while
the aggregates vary on different interfaces. On hydrophobic
interfaces, strong hydrophobic interactions with the C-terminus

of Aβ42 result in the formation of small oligomers with a small
proportion of the β-sheet structure. On hydrophilic interfaces,
hydrogen-bonding interactions and electrostatic interactions
promote the formation of large aggregate particles with β-sheet
structure. The hydration repulsion plays an important role in
the interaction of Aβ42 with interfaces. These findings help to
understand the nature of Aβ42 adsorption and aggregation on
the biomembrane interface and the origin of heterogeneity and
polymorphism of Aβ42 aggregates.

Introduction

Alzheimer’s disease (AD) is a type of neurodegenerative disease
caused by the impaired function of neuronal cells that leads to
cognitive decline and reduced social adaptation.[1–3] Clinically,
amyloid plaques formed by β-amyloid (Aβ) aggregation have
been found outside the brain cells of AD patients. Therefore, it
is widely believed that soluble aggregates or insoluble fibers
from Aβ deposit on brain cells, which damage cell membrane
permeability, further inducing oxidative stress and the resultant
apoptosis is one of the pathogeneses of AD.[4–7] Generally, Aβ
consists of 39–43 amino acids, among which Aβ40 and Aβ42
are the most abundant and also the main component of
amyloid plaques in the brain of AD patients. Although the
physiological concentration of Aβ40 is about 10 times higher

than that of Aβ42, the latter is more prone to aggregation and
directly related to AD pathology.[8–12] Aβ42 can be divided into
three parts: the soluble N-terminal region composed of polar
amino acids (1–15), the hydrophobic C-terminal region com-
posed of amino acids (28–42) and the middle connection region
(16–27). The disordered N-terminal is not involved in the
aggregation of Aβ42, and the C-terminal and middle regions
are essential for the aggregation of intermediates.[13,14]

In recent years, more and more evidence suggests that the
early soluble Aβ oligomer is the main species that causes the
dysfunction and death of nerve cells.[10,15–19] In vivo studies have
found that Aβ aggregates can form ion channels on biomem-
brane, destroying the permeability of cell membrane, and that
the number of amyloid plaques is not directly related to the
decline of cognitive function[20–23] and the removal of amyloid
plaques does not interrupt the development of
neurodegeneration.[24] It is not very clear how these ion
channels are formed and what factors are affecting such
processes, but both biomembranes and biomimetic membrane
interfaces can promote the structural transformation of Aβ from
random coil to β-sheet, and then the formation of mature
aggregates.[25–29] Studying the kinetics, structural changes and
driving forces during the interaction of Aβ on biomembrane
interfaces is of significant importance for revealing the mecha-
nism of the pathogenesis and progression of AD. However, the
complexity and variability of biomembrane interfaces and the
heterogeneity of Aβ aggregates bring great challenges to study
the initial stage of Aβ aggregation on the interface. Therefore, it
is particularly important to build a suitable biomimetic mem-
brane interface model and capture the real-time information of
Aβ aggregation to explore the aggregation process of Aβ on
two-dimensional interfaces.

Self-assembled monolayers (SAMs) are good models to
explore the adsorption process of peptides on the interface by

[a] M. Zhu, Z. Li, C. Wang, Dr. L. Wu, Prof. Dr. X. Jiang
State Key Laboratory of Electroanalytical Chemistry
Changchun Institute of Applied Chemistry, Chinese Academy of Sciences
Changchun, Jilin 130022 (P. R. China)
E-mail: lwu@ciac.ac.cn

jiangxiue@ciac.ac.cn
[b] M. Zhu, Z. Li, C. Wang, Prof. Dr. X. Jiang

School of Applied Chemistry and Engineering
University of Science & Technology of China
Hefei, Anhui 230026 (P. R. China)

[c] L. Zeng
State Key Laboratory of Environmental Chemistry and Ecotoxicology
Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences
Beijing, 100085 (P. R. China)
Part of a joint Special Collection of ChemistryOpen, Analysis & Sensing and
Chemistry–Methods focusing on “Biosensing and Imaging: Methods and
Applications”. Please visit the collection page to view all contributions.
© 2023 The Authors. Published by Wiley-VCH GmbH. This is an open access
article under the terms of the Creative Commons Attribution Non-Com-
mercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for
commercial purposes.

ChemistryOpen

www.chemistryopen.org

Research Article
doi.org/10.1002/open.202200253

ChemistryOpen 2023, 12, e202200253 (1 of 9) © 2023 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 08.02.2023

2302 / 286990 [S. 55/63] 1

https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2191-1363.Biosensing-Imaging


taking advantage of their controllable surface morphology and
chemical functional groups which could modulate the adsorp-
tion behavior of biomolecules.[30–34] So far, molecular dynamics
simulations,[35,36] atomic force microscopy,[37–39] and spectroscopy
techniques[40–44] have been used to illustrate the folding
dynamics and structural changes of Aβ on different interfaces.
Studies have shown that a two-dimensional interface can
promote Aβ aggregation and accelerate fiber formation.[30,31] On
the hydrophobic surface of C18, Aβ40 and Aβ42 firstly
nucleated, and then extended and aggregated in an exponen-
tial growth mode.[45] Moreover, molecular dynamics simulations
suggest that the adsorption and further aggregation of Aβ on
different SAMs are a competitive process between Aβ-SAM and
water-SAM.[46] These findings provide important clues for study-
ing the aggregation process of Aβ at the interface, but the
specific structural information about interface adsorbed Aβ is
mostly limited to molecular dynamics simulation results lacking
supporting from experimental data. However, the specific
structure of Aβ at the interface is highly dynamic, and the lack
of real-time in situ information limits the in-depth understand-
ing of Aβ aggregation. In this work, we investigated the
dynamics, structure and morphology information of Aβ42 on
SAMs with different terminal groups at an early stage by
surface-enhanced infrared absorption (SEIRA) spectroscopy and
atomic force microscopy (AFM) to reveal the nature of Aβ42
aggregation at the molecular level.

Results and Discussion

Characterization of self-assembled monolayers

Three thiol molecules with different terminal groups (� CH3,
� OH, � COOH), namely dodecanethiol (DT), 11-mercaptoundeca-
nol (MU) and 11-mercaptoundecanoic acid (MUA) were selected
to assemble monolayers with different interfacial properties on
a gold surface. The self-assembly process could be readily
monitored in-situ by SEIRA spectroscopy (Figure 1a). With bare
gold film immersed in a background solution (here, ethanol) as
a reference, characteristic peaks (detailed assignments shown in
Table 1) could be observed immediately after the addition of
three thiol molecules with a final concentration of 1 mm.
Asymmetric stretching (νas) and symmetric stretching (νs), and
bending vibration (δ) of CH2 groups were observed for the
three SAMs. The peak positions of νas(CH2) for the three SAMs
are nearly identical and in a low wavenumber region. Since
νas(CH2) is very sensitive to the conformation of the CH2 group,
the lower wavenumber indicates a more well-ordered structure
of the SAMs.[47] The same position of νas(CH2) suggests that well-
ordered SAMs are formed and the packing order of alkyl chains
are nearly the same for three SAMs due to the long alkyl chain
(C10) in the three thiol molecules used. For DT SAM, νas(CH3),
νs(CH3), and δas(CH3) are observed at 2960 cm� 1, 2875 cm� 1, and
1380 cm� 1, respectively, which should be unique for DT
molecule.[48] However, νas(CH3) and νs(CH3) were also observed
for the MU and MUA SAMs (middle and lower panel of

Figure 1. (a) In situ monitoring the formation of SAMs (from top to bottom: DT SAM, MU SAM, MUA SAM). The spectra were recorded at different time points
(from bottom to top: 10 s, 30 s, 1 min, 5 min, 10 min, 12 min, 32 min, 65 min).The bottom panel shows the SEIRA spectrum of ethanol molecule. (b) The EIS
spectra of DT (red circles), MU (green squares) and MUA (blue triangles) SAMs; filled and empty symbols refer to the phase angle and the magnitude of the
impedance, respectively. Lines represent the result of fitting the equivalent circuit. Inset: Equivalent circuit used for fitting the data. (c) Water contact angle of
DT, MU, MUA SAMs.
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Figure 1a) which do not contain any CH3. This is caused by the
interference from ethanol molecules that were used as back-
ground solution. As shown in the top panel of Figure 1a, at the
initial stage of adsorption (black line, recorded 10 s after
addition of DT), a negative peak at 2974 cm� 1 was observed,
and positive peaks at 2960 cm� 1 and 2875 cm� 1 were also
noted. Considering that ethanol may have pre-adsorbed on the
gold film during the collecting of the background spectrum, the
negative peak at 2974 cm� 1 was assigned to the νas(CH3) of
ethanol molecules due to the replacement of interfacial ethanol
by adsorbed DT molecules, just as the negative peak in ν(OH)
region was found to be caused by the displacement of water
molecules upon the adsorption of nanomaterials to the inter-
face in H2O environment in our previously reported work.[49]

Thus, positive peaks at 2960 cm� 1 and 2875 cm� 1 were
assigned to the νas(CH3) and νs(CH3) of DT molecules. The
negative peak at 2974 cm� 1 changed to a positive one, and
νas(CH3) of the DT molecule at 2960 cm� 1 overlapped with
2974 cm� 1 (νas(CH3) of ethanol molecules) with elapsed time
possibly due to the recombination, reorientation and co-
adsorption of ethanol molecules on the interface during the
self-assembly process. It should be noted that the initial
replacement of ethanol was also observed in the adsorption
process of MU and MUA molecules, which suggests the ultra-
sensitivity of SEIRA spectroscopy in interfacial analysis. For the
MU SAM, characteristic absorption peaks of alkyl chains were
observed. For the MUA SAM, a vibration peak at 1712 cm� 1

attributed to ν(C=O) in COOH was observed at initial adsorp-
tion, which is the characteristic vibration absorption peak of
MUA.[50] Moreover, this ν(C=O) peak of COOH gradually split
into two peaks centered at 1709 cm� 1 and 1728 cm� 1, indicating
different hydrogen bond environments of the COOH groups in
the MUA SAM due to the deprotonation of COOH during the
self-assembly process.[50] Thus, the splitting of carbonyl peak
indicates the COOH groups of MUA form an intermolecular
hydrogen bond network after SAM formation.

The formation of DT, MU, MUA SAMs was further confirmed
by electrochemical impedance spectroscopy (EIS), as shown in
Figure 1b. A modified Randles equivalent circuit (inset of
Figure 1b) that has been proposed to model membranes
supported on nanostructured Au film[51] was used to fit the
impedance data. The experimental data are fitted well with the
simulated curves, and the calculated capacitance values of DT,
MU and MUA SAMs on gold nanofilms are 1.67 μFcm� 2,
2.72 μFcm� 2 and 3.22 μFcm� 2 respectively, which are consistent

with reported values in the literature,[52] indicating the success-
ful formation of SAMs. Since the alkyl chain orders of three
SAMs are basically the same indicated by the nearly identical
peak position of νas(CH2) (Figure 1a), the variation of the
capacitance values may have been caused by the difference in
terminal groups. This is also supported by the finding that the
“small to large” variation trend of capacitance values of SAMs
follows the increasing size of terminal groups of the three thiol
molecules. This indicates the influence of the chemical nature
of the terminal groups on the interfacial properties of SAMs.
Furthermore, the contact angle of water droplets on the
interface was used to characterize the hydrophilicity of the
SAMs.[53] Water droplets will spread out on a hydrophilic
interface while they will converge on hydrophobic interfaces.
Thus, the more hydrophilic the interface is, the greater the
wetting degree, and the smaller the contact angle. As shown in
Figure 1c, the contact angles of water on the three SAMs are
118° for DT SAM, 24.9° for MU SAM, and 14.4° for MUA SAM,
respectively. The terminal group of DT molecule is a methyl
group (� CH3), which is hydrophobic and small, endowing DT
SAM with great hydrophobicity. The MU molecule has a
terminal hydroxyl group (� OH), which is hydrophilic and
neutral, resulting in a moderate hydrophilic interface. MUA SAM
is more hydrophilic than MU SAM due to its negative charges
from its terminal carboxyl groups. All these results suggest that
well-packed SAMs with different interfacial properties were
successfully prepared.

In situ SEIRA spectroscopic monitoring of the adsorption and
aggregation of Aβ42 on SAMs

The adsorption and initial folding process of the Aβ42
monomer on SAMs with different interfacial properties were
monitored in real time by in situ SEIRA spectroscopy (Figure 2).
As shown in Figure 2a–c, characteristic peaks of protein (amide I
and amide II) with growing intensity could be clearly observed
within 8 h for three SAMs, indicating that Aβ42 monomer could
adsorb on these two-dimensional interfaces. Amide I band is
the combination of the C=O stretching vibration and the N� H
bending vibration of the amide bond, and the C=O vibrations
of each peptide bond in the protein couple with each other.
Since the coupling pattern is determined by the secondary
structure of the protein, the amide I band is widely used to
analyze the secondary structure of proteins.[54] The variation of

Table 1. Assignments of SEIRA spectral peaks for three SAMs and ethanol molecule.

Peak
assignment

Wavenumber [cm� 1]
DT monolayer MU monolayer MUA monolayer Ethanol

molecule

νas(CH3) 2960 – – 2974
νas(CH2) 2920 2920 2920 2930
νs(CH3) 2875 – – 2881
νs(CH2) 2850 2850 2850 weak
ν(C=O) – – 1712 –
δ(CH2)n 1458 1467 1456 1452
δas(CH3) 1380 – – 1380
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both peak position and shape suggests that the folding of the
Aβ42 monomer on the three SAMs is different (Figure 2a–c).
The structure of the Aβ42 monomer is rich in α-helices and
random coils, which were converted to β-sheet secondary
structures in the Aβ aggregates.[55,56]

To further reveal the secondary structures of Aβ aggregates
formed on three different SAMs, Fourier self-deconvolution
(FSD) analysis[57] was performed to deconvolute the broad
amide I bands. Spectra shown in Figure 2a–c were thus further
deconvoluted to show sub bands corresponding to α-helix, β-
sheet, β-turn, and random coil secondary structures as shown in
Figure 2d–f. The estimated contents of secondary structures are
summarized in Table 2. On the DT SAM (shown in Figure 2d),
the content of α-helix/random coil of adsorbed Aβ is estimated
to about 42%, which is lower than for the Aβ42 monomer and
close to the value for a Aβ42 oligomer on the lipid membrane
surface reported by Mrdenovic et al.[58] This suggests that the
Aβ42 monomer adsorbed on the hydrophobic DT SAM and

folded into an oligomer with very low content of β-sheet
structures (15.6%). Meanwhile, a series of positive absorption
peaks appeared in the CHn region from 2800 cm� 1 to
3000 cm� 1, and a tiny peak at 1722 cm� 1 was noted. The former
might originate from surface-adsorbed Aβ42 or conformational
changes of the underlayer DT SAM. The latter is attributed to
ν(C=O) of Aβ42 side chain amino acids containing carboxyl
groups, since the underlying DT molecule has no absorption in
this region. Considering that amino acids containing carboxyl
groups in the Aβ42 peptide chain, including Ser8, Tyr10, Gln15,
Ser26 and Asn27, are all located at the polar N-terminus, it is
speculated that the hydrophobic C-terminal region (29–42) of
Aβ42 interacts with the DT SAM through hydrophobic inter-
actions and folded into an α-helix structure that was embedded
in the alkyl chain region. The N-terminus (1–26) is exposed to
the solvent. Therefore, the positive peaks located from
2800 cm� 1 to 3000 cm� 1 could be attributed to ν(CHn) in the
Aβ42 side chains and the conformational change of DT SAM
was induced by the interaction with Aβ42. In contrast, no
obvious change was observed in the CHn region for the MU and
MUA SAMs (Figure 2b,c). This suggests that Aβ42 mainly
interacts with MU and MUA SAMs at the hydrophilic interface
without affecting the underlying alkyl chains, which is dramat-
ically different from the findings for the DT SAM, indicating a
different interaction mode.

Figure 2. In situ monitoring of the adsorption and folding process of Aβ42 on DT (a), MU (b) and MUA (c) SAMs by SEIRAS. The spectra were recorded at
different time points (from bottom to top: 1 min, 5 min, 10 min, 30 min, 1 h, 2 h, 8 h, respectively). Deconvoluted amide I band of the SEIRA spectra of Aβ42
on DT (d), MU (e) and MUA (f) SAMs at 8 h (the black solid lines and red dot lines represent FSD spectra and fitting curves respectively; the orange, blue, pink
and green solid lines represent the β-turn, α-helix, random coil and β-sheet secondary structures, respectively).

Table 2. Contents of secondary structures of Aβ42 on different SAMs.

Aβ42 on different SAMs
Content of secondary structure

α-helix Random coil β-sheet β-turn

Aβ42 on DT SAM 25.4% 16.4% 15.6% 42.6%
Aβ42 on MU SAM 25.1% 5.9% 42.5% 26.5%
Aβ42 on MUA SAM 25.8% 6.6% 38.2% 29.4%
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For Aβ42 adsorbed on MU and MUA SAMs, the shapes of
the amide I bands are quite similar (Figure 2e,f) and the
variation of secondary structure content is within 4% (Table 2),
which indicates that the Aβ42 aggregates formed on these two
SAMs are of similar structure. However, the contents of β-sheet
structure (42.5% on MU SAM and 38.2% on MUA SAM) are
significantly higher than that on DT SAM (15.6%), as shown in
Table 2. The α-helix contents of the Aβ42 aggregates formed
on the three SAMs are basically the same, while the random coil
content significantly decreased from 16.4% for DT SAM to 5.9%
for MUA SAM and 6.6% for MUA SAM. This indicates that the
interaction with MU and MUA SAM induces more β-sheet
structure formation, which is believed to be from the convert-
ing of random coil structure. These effects should originate
from the different interaction modes between Aβ42 and these
three SAMs.

A clearly negative peak of ν(C=O) was observed right after
the addition of Aβ42 on the MUA SAM (Figure 2c), which
suggests that the addition of Aβ42 might destroy the hydrogen
bond network among the underlay MUA molecules and change
the orientation of the C=O moiety in the COOH groups. Many
studies have shown that Aβ42 can bind electrostatically to
anionic phospholipids or anionic SAMs through positively
charged amino acids such as Arg5 and Lys16,[59,60] and could
form hydrogen bonding with OH group of sphingolipid
polysaccharide molecules,[61] promoting Aβ42 adsorbing and
folding. Thus, it is believed that Aβ42 adsorbed on the MUA
SAM through electrostatic attraction and hydrogen bonding
interaction, induced the spectral change of C=O in COOH
groups. In contrast, hydrogen bonding interactions account for
the interaction force between Aβ42 and MU SAM. Considering
significantly more β-sheet structure is observed on both the MU
and the MUA SAMs, it is reasonable to deduce that the
hydrogen bonding interaction promotes the formation of β-
sheet structures. It should be noted that the sub-band positions
are slightly different for aggregates formed on MU and MUA
SAM, indicating that the detailed intermolecular packing is
different for Aβ42 adsorbed on these two SAMs (Figure 2e,f).
Thus, it is deduced that the electrostatic attraction might only
affect the intermolecular packing, possibly due to the facilitat-
ing effect on short-range hydrogen bonding interactions.[49,62]

Besides, Aβ42 is a short peptide chain which only has three
positively charged amino acids, two of which (Arg5 and Lys16)
could participate in electrostatic attraction while the other one
(Lys28) is believed to participate in an intermolecular salt bridge
with Asp23.[63,64] Thus, the electrostatic attraction interaction
between Aβ42 and MUA SAM is relatively weak. This might
partially account for the non-obvious effect of electrostatic
attraction interaction on the secondary structure of adsorbed
Aβ42.

Adsorption kinetics of Aβ42 on SAMs

The interfacial property significantly affects the secondary
structure of adsorbed Aβ42. Aβ42 folded to a structure with
little amount of β-sheets on the hydrophobic interface of the

DT SAM, while the more hydrophilic interfaces of the MU/MUA
SAMs promote the formation of β-sheet structure. To better
understand the effect of the interfacial property on the
interaction between Aβ42 and SAMs, the adsorption kinetics of
Aβ42 adsorption on three SAMs were analyzed (Figure 3).

The shape of the amide I band was greatly affected by the
secondary structure of Aβ42 and closely relates to the
adsorption orientation of the protein, while the influence of
these two factors on the amide II band was much less
pronounced.[48,54] Thus, the adsorption kinetics were analyzed
through the time-dependent peak intensity of amide II band of
Aβ42. As shown in Figure 3, the adsorption kinetic is the fastest
and the adsorption quantity is the largest on the hydrophobic
DT SAM. In contrast, for hydrophilic SAMs, the adsorption
kinetic is slow and the adsorption quantity is small. Thus,
although Aβ42 monomer is soluble in aqueous solution, hydro-
phobic interaction is the strongest and most effective inter-
action among the three interaction forces in the interaction
with SAMs. It should be noted that the initial adsorption of
Aβ42 on MUA SAM is faster than that on the MU SAM, which
can also be seen in Figures 2b and 2c where the amide II peak
could be clearly observed in the first spectrum recorded at
1 min for the MUA SAM. This is attributed to the long-range
electrostatic interaction with MUA SAM, while on MU SAM
short-range hydrogen-bonding interaction dominated.

In addition, long-range electrostatic interactions may facili-
tate the short-range hydrogen-bonding interaction on MUA
SAM. The smaller adsorption quantity on the MUA SAM than on
the MU SAM may be caused by the higher wetting degree
observed for the MUA SAM (Figure 1c). We speculate that the
hydration degree plays an important role in the adsorption of
Aβ42 on interfaces. Due to its negative charge originating from
the carboxylate terminal groups, the hydrogen-bonding net-
works of interfacial water on MUA SAM are stronger than those
on MU SAM, and such a strong hydrogen-bonded hydrate layer
at the interface increases the energy barrier of adsorption,
which may lead to the smaller adsorption quantity. In contrast,
on the hydrophobic DT SAM, where the interaction between

Figure 3. Adsorption kinetics derived from the time-dependent peak inten-
sity of amide II band of Aβ42 on DT (red circles), MU (green squares) and
MUA (blue triangles) SAMs.
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water molecules and interface is quite weak, the hydration layer
could be easily removed, resulting in a very small energy barrier
of adsorption. Moreover, the C-terminus of Aβ42 is rich of
hydrophobic amino acids.[13,14] The strong hydrophobic inter-
action and very weak energy barrier of dehydration result in the
fastest adsorption kinetic and largest adsorption quantity on
the hydrophobic DT SAM.

AFM characterization of the morphology of Aβ42 aggregates
on different SAMs

The adsorption process of Aβ42 on three SAMs was monitored
by in-situ SEIRA spectroscopy, and the results showed that both
the secondary structures of surface-adsorbed Aβ42 and the
adsorption kinetics are different on the three different two-
dimensional interfaces. Atomic force microscopy (AFM) was
further used to obtain the morphology of Aβ42 aggregates that
form on these interfaces and in bulk solution (Figures 4 and 6).

As shown in Figure 4, aggregates that form on the hydro-
phobic DT SAM are of small size, and no fiber-like morphology
was observed (Figure 4a, d). This is consistent with the spectral
data, which suggests that less β-sheet structure is formed.
Considering the hydrophobic residues are located at the C-
terminus, residues 29–42 could interact with the DT SAM
through hydrophobic interactions (Figure 5a). Thus, the small
aggregates on DT SAM may be small oligomers with an α-helix
at its C-terminus embedded in the SAM, which is the early stage
of forming large aggregates and fiber-like morphology.[65,66] The
aggregates formed on MU SAM not only contain larger particles

(Figure 4b,e), but also appeared to be connected together to
form initial fibers. It has been reported that Glu, His, and Lys
can form hydrogen bonds with OH[59,67] and residues 1–9 have
little connection with the β-hairpin motif during Aβ
aggregation.[68,69] Therefore, the possible mechanism of Aβ42
interacts with the MU SAM may operate through Lys16, His 14
and Glu11 (Figure 5b).

In contrast, on the MUA SAM, the aggregates are of similar
lateral size of that on MU SAM, but no obvious connection
between particles was observed (Figure 4c, f). These results are
also in line with spectral data, which indicates that these large
particles are of β-sheet structure, and might readily form initial
fibers. As mentioned above, Aβ42 interacts electrostatically
through Arg5 and Lys16 with MUA and forms hydrogen bonds
through His14 and Glu11 (Figure 5c). The absence of a
connection between particles on MUA SAM might be due to
the large energy barrier of dehydration and relatively small
adsorption quantity.

The morphology of Aβ42 aggregates that formed in bulk
solution without the presence of two-dimensional interface was
shown in Figure 6. The aggregates observed could be mainly
categorized into two types: one is a typical amyloid fiber and
the other is characterized as large aggregated amorphous
particles.

At 0 h, no aggregate was observed, indicating that Aβ42
exists as monomer in solution. This also suggests that the
adsorption of Aβ42 on different interfaces starts from mono-
mers. After incubating for 12 h, even though some amyloid
fibers with diameters of about 2 nm were observed, most of the
Aβ42 still existed in monomeric form.[70] At 24 h of incubation,
the probability of observation of amyloid fiber increases, and
fibrous aggregates could always be observed in the field of
view when scanning in different regions. Furthermore, large
amorphous aggregates began to appear. With longer incuba-
tion times, the percentage of amyloid fiber increases. Thus, the
two-dimensional interface can not only accelerate the aggrega-
tion of Aβ42, but also modulate the size and type of Aβ42
aggregates by controlling the interface properties. However,
the variety of phospholipids and polysaccharides endows
biomembranes with various dynamic interfacial properties,

Figure 4. AFM images of DT (a, d), MU (b, e), MUA (c, f) SAMs after incubation
in Aβ42 monomer solution for 8 h.

Figure 5. Surface aggregation models and possible mechanisms of Aβ42 on
DT (a), MU (b) and MUA (c) SAMs.

Figure 6. AFM images Aβ42 monomer solution incubated for 0 h (a), 12 h
(b), 24 h (c), 36 h (d), 48 h (e) and 60 h (f).
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which may imply that Aβ42 has great heterogeneity and
polymorphism in the interaction and aggregation on biomem-
branes.

Conclusion

In this work, we preliminarily explored the structure, kinetics,
and morphologies of Aβ42 adsorbed on two-dimensional
interfaces using self-assembled monolayers (SAMs) with differ-
ent terminal groups as models. We found that the two-
dimensional interface can significantly accelerate the aggrega-
tion of Aβ42, which is mainly due to the interaction between
the two-dimensional interface and the Aβ42 monomer. The
properties of the two-dimensional interface significantly affect
the secondary structure and morphology of Aβ42 aggregates.
On a hydrophobic interface, Aβ42 adsorbs on interface by
hydrophobic interaction with the C-terminus, and mainly forms
small oligomers with α-helix structure which could penetrate
into the alkyl chain region. In contrast, hydrophilic interfaces
promote the formation of large aggregate particles with β-sheet
structures through hydrogen-bonding interactions. Importantly,
interfacial hydration plays an important role in the interaction
between Aβ42 and the interface. The adsorption and aggrega-
tion of Aβ42 at interfaces is a complex process resulting from
the balance of various interaction forces including hydrophobic,
hydrogen-bonding and electrostatic interactions as well as
dehydration of the interface. The synergistic or competitive
interactions between these different forces in the biological
environment of organisms may be the source of the aggrega-
tion heterogeneity and polymorphism of Aβ42 on biomem-
branes.

Experimental Section

Preparation of Aβ42 solution

For preparing the Aβ42 stock solution, Aβ42 powder (Sigma-
Aldrich) was dissolved in hexafluoroisopropanol (HFIP). After
sonication for 30 min, the solution was centrifuged at 12000 rpm
for 10 min to remove potentially undissolved substances. The
obtained clear solution was repackaged, and stored at � 20 °C. For
preparing the Aβ42 solution, HFIP was first dried with high-purity
N2, and 50 μL NaOH (5 mm) were added and sonicated for 30 s.
Freshly prepared Aβ42 solution was used for each experiment.

SEIRA spectroscopy setup

SEIRA spectroscopy in the attenuated total reflection mode was use
in this study. The spectroscopy setup has been described
elsewhere.[49] Briefly, a silicon prism serving as internal reflection
element was carefully polished with 1.0 μm alumina powder until a
fresh hydrophobic surface was exposed. After thoroughly washed
with ultrapure water, the prism was immersed in 40% ammonium
fluoride for 90 s to terminated the surface with hydrogen. The
treated Si prism were heated to 65 °C in a water bath, and 1 :1 : 1
mixed solution of 0.03 m NaAuCl4, 0.3 m Na2SO3+0.1 m Na2S2O3+

0.1 m NH4Cl, and 2.5 vol% HF were injected onto the clean surface
of the Si prism. The reaction was terminated by thoroughly rinsing

the surface with ultrapure water once a bright yellow gold film was
formed (typically 90 s). Potential contaminants on the gold film
were removed by electrochemical cycling in 0.1 m H2SO4 until the
cyclic voltammogram of polycrystalline gold appeared. As-prepared
gold-coated prism was mounted into a home-built polytrifluoro-
chloroethylene cell. SEIRA spectroscopy was performed in a
Kretschmann-ATR configuration under an incident angle of 60°
with a home-made accessory. All spectra were recorded in a
spectral window of 4000 to 800 cm� 1 with a resolution of 4 cm� 1

using a vacuum FTIR spectrometer (VERTEX 80 V, Bruker, Ettlingen,
Germany) with a liquid nitrogen-cooled MCT detector. Typically,
512 scans were accumulated for each spectrum.

Formation and characterization of self-assembled monolayer
(SAM) Ethanol was added to the test cell where freshly prepared
gold film was installed, and then gold film immersed in ethanol was
recorded as background spectrum. Dodecanethiol (DT), 11-mercap-
toundecanol (MU) and 11-mercaptoundecanoic acid (MUA) ethanol
solution was added to reach a final concentration of 1 mm, and
series sample spectra were recorded. After self-assembly for 65 min,
the modified gold surface was thoroughly washed with ethanol
and dried under high-purity N2. The obtained SAMs were further
characterized by electrochemical impedance spectroscopy (EIS) and
contact angle measurement. EIS were recorded by PGSTAT302 N
workstation equipped with FRA32 M module using three-electrode
configuration: the modified SEIRA Au film, a Pt-plate, and a Ag/AgCl
(3 m KCl) electrode serving as working, counter, and reference
electrodes, respectively. Spectra were monitored in a frequency
range of 0.1 to 100 kHz at open circuit potential and an amplitude
of 5 mV (rms value) in 10 mm PB electrolyte. For contact angle
measurement, 1 cm×1 cm Si wafer was used and the gold film and
SAMs were prepared with the same procedure described above.
Contact angle of SAMs were obtained by contact angle goniometer
(Rame-hart 200) by sessile drop method. A water droplet of 5–7 μL
was deposited on SAMs and the contact angle was measured
within five seconds.

In situ SEIRA spectroscopy monitor the adsorption and
aggregation of Aβ42 on SAMs

After the formation of SAMs, 450 μL 10 mm PB (pH 7.0) was added
and then equilibrated with background solution for certain time.
Before sample spectra were acquired, a reference spectrum of the
background solution was recorded. Concomitant with the addition
of Aβ42 in 50 μL 5 mm NaOH (reaching a final concentration of
25 μm), a series of spectra were recorded. The amide I bands were
resolved by Fourier self-deconvolution (FSD) technique through
OPUS software, which used a Lorentz line with a full width of
25 cm� 1 at half-height and a resolution enhancement factor of 2.[71]

The peak position was fixed during curve fitting, and the peak
intensity and width were adjusted to minimize the root mean
square between the experimental spectrum and the fitting curve.

Morphology characterization of Aβ42

Morphology of Aβ42 adsorbed on different SAMs: Vacuum-
evaporated gold film on mica was used as substrate for morphol-
ogy characterization, and modified with DT, MU and MUA under
the same procedure as SEIRA spectroscopy. After incubation with
25 μm Aβ42 for 8 h, the substrate was thoroughly washed with
10 mm PB and ultra-pure water. Then, the substrates were dried at
room temperature. Morphology of Aβ42 that incubated in solution:
25 μm Aβ42 in 10 mm PB (pH 7.0) was incubated at 37 °C to
induced aggregation. 10 μL of incubated solution was sampled and
dropped on the freshly cleaved mica surface every 12 h. After
incubating for 3 min, the PB solution was washed off with ultra-
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pure water and dried at room temperature. Morphology of Aβ42
was obtained by atomic force microscope (AFM) imaging in tapping
mode with PPP-NCHR (Nanosensor) tips.
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