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Water in nanoscale-confined geometries has unique physicochemical properties in contrast to bulk water, and is believed to
play important roles in biological processes although there is less direct information available in the literatures. Here, we
report the self-assembly behaviors of a neurodegenerative disease related peptide termed as GAV-9 encapsulated in micagraphene nanocapillaries interacting with water nanofilms condensed under ambient conditions, based on atomic force
microscopy (AFM) imaging and molecular dynamics (MD) simulations. The results revealed that, upon increase in the
humidity, the GAV-9 peptide monomers adsorbed the confined water molecules and transitioned to the unexpected hydrogellike structures. Our MD simulations also suggested that in the confined mica-graphene nanocapillaries, the GAV-9 peptide
monomers would indeed form water-rich hydrogel structures instead of highly ordered nanofilaments. The interfacial water
confined in the mica-graphene nanocapillary is found to be crucial for such transition. Moreover, the distribution of confined
water layers largely depended on the locations of the preformed peptide nanofilaments, and the peptide nanofilaments further
assembled into nanosheets with the water layer increasing, but depolymerized to amorphous peptide assemblies with the water
layer decreasing. The polymerization and depolymerization of the peptide nanofilaments could be controlled in a reversible
manner. Our results have supplied a simplified model system to uncover the effects of the confined interfacial water on the
biological process at the molecular level.

Introduction
The important roles that the biological water plays in biological
species include maintaining the macromolecular structure and
mediating molecular recognition,1 activating and modulating
protein dynamics,2 and providing a communication between the
inside and outside of proteins.3 It is well known that many
biological processes occur in crowded aqueous environments,4,5
in which the water surrounding the biological macromolecules is
only about 1-2 nm in thickness.1 Therefore, the biological water
can be considered as confined water,6 which is fundamentally
important to understand the biological activity in living cells.7
Numerous experimental and computational studies have
established that the properties of the water confined between
chemically and structurally homogeneous surfaces feature
dramatically different characteristics compared to the bulk
water,6 such as nontetrahedral bonding geometry,8 novel phase
transitions,9 a smaller dielectric constant,10 a slower dynamic,11
and a retarded hydrogen bond exchange.12 These
physicochemical properties and the state of the confined water
depend strongly on the confinement dimensions,13 the affinity
between the water and the material of the confining walls,14 as
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well as temperature and pressure.15,16 For example, water locked
in graphene nanocapillaries acquires a square lattice geometry,17
attributed to the large exerted pressure induced by the graphene
surfaces.
It has been predicted for a long time that the confined water
layers would apply a significant confinement effect on
biomolecules and biological processes.18 In the confined
environments, the limited available space would result in volume
exclusion of a subject; consequently, a compact protein
conformation is expected. It has been found that proteins in
crowding environments are critically dependent on the stability
of their hydration shells.19 In addition, recent studies provided
evidence for the dramatic slowing down of peptide
conformational dynamics20 and reduced self-diffusion of
proteins under such conditions.21 Besides, the confined water
also facilitates protein-protein interaction and promote protein
aggregation.22,23 Our previous study has demonstrated that the
diffusion and self-assembly of the amyloid-related peptides are
sensitive to the condensed interfacial water nanofilm on the mica
surfaces.24,25 If such a water film was disturbed by an ethanol
atmosphere, the diffusion and self-assembly behaviors of the
peptides would change.26
Although some evidences have showed to support the above
predictions, it is still not available to comprehensively
understand the effects of the confined water on the biological
processes that universally take place in a crowding living cell.
Practically, there is lack of means to acquire such kind
information from a cell without disturbance from other
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biological interactions. Therefore, it is a reasonable way to seek
for simple models in vitro. Thanks to the recent discovery on the
water with distinct molecular layers in nanocapillaries of twodimensional materials,16,27 the confined water can serves as a
good model to mimic the biological water in the crowding cells.
In this study, we used graphene as an ultra-thin wall coating
on the mica surface with peptides placed in the nanocapillary,
which enables the visualization of both the confined water layers
and peptide molecules diffusing and assembling in between. The
peptide GAV-9 (NH2-VGGAVVAGV-CONH2), a conserved
sequence in the three neurodegenerative-disease-related
proteins: α-synuclein, amyloid β protein, and prion protein,28–30
was employed as a model molecule. Direct microscopic images
showed that, in the confined water layers, GAV-9 assembled into
the unexpected hydrogel-like structures, which are quite
different from the nanofilament structures that were revealed
previously.24–26 Our molecular dynamics (MD) simulations
confirmed that the water molecules in the water layers tended to
transfer to the peptide to form the water-rich hydrogen structures
instead of the highly ordered peptide nanofilaments. In addition,
a reversible depolymerization process of the peptide
nanostructures in the mica-graphene nanocapillary, upon the
variation in the relative humidity (RH), was also discovered.

Materials and methods
Graphene preparation
Graphene sheets were prepared from graphite (Alfa Aesar, USA)
via the standard mechanical exfoliation method.27
Peptide sample preparation
The GAV-9 peptides (NH2-VGGAVVAGV-CONH2) were
synthesized by using the Boc solid-phase method on an ABI 433
A peptide synthesizer (Applied Biosystems) and cleaved from
the MBHA resin (100−200 mesh, Fluka) with hydrogen fluoride.
The peptide was purified through a TSK-40 (S) column (2.0 cm
× 98 cm, Tosoh). Ethanol (HPLC grade) was purchased from
Fisher. The peptide was dissolved in milli-Q water to a final
concentration of 1 mg/mL before using. The GAV-9 peptide was
transferred onto the newly-cleaved muscovite mica surfaces with
polydimethylsiloxane (PDMS) stamps using the drying
microcontact printing (D-μCP) method (Fig. 1A), as described in
detail in our previous paper.24 Briefly, the peptide aqueous
solution was firstly dropped onto the PDMS stamp for about 3
min, followed by evaporation of the solvent under nitrogen flow.
Then, the strip-like peptide patterns were formed by pressing the
inked PDMS stamp onto the mica surface for about 8 min. A
sealed box with pure ethanol solution or milli-Q water was used
to achieve 100% ethanol atmosphere or supersaturated water
vapor condition.
Atomic force microscopy (AFM)
Topographic AFM images were obtained with the tapping mode
(Nanoscope V, Veeco). The AFM instrument was installed in a
humidity-controlled box (Seth-Z-031F, Espec). Cantilevers with
a nominal spring constant of 3.5 N/m and oscillating frequencies
of 60–90 kHz (NSC18/Ti-Pt, MikroMasch) were used.
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The mica surface was constructed by a double layered muscovite
(001) (KAl2(Si3Al)O10(OH)2) based on the monoclinic C2/c 2M1
crystal structure31,32 and the Al-avoidance or Loewenstein’s
rule33 with the CLAFF force field.34 For the graphene layer, the
SP2 carbon parameters in the CHARMM36 force field35 were
applied. The confined mica-graphene system was built by
placing a graphene layer (5.82 nm × 5.78 nm) on the top of mica
surface (10.38 nm × 8.11 nm) with a 4 nm distance between
them. As shown in the Supporting Information Fig. S4, 40 (5 ×
8) GAV-9 monomers were placed inside the mica-graphene
confined space. The orientations of the GAV-9 peptides
followed the previous report28,35 with the hydrophobic edges
along the b direction (0.92 nm) and hydrophilic edges along the
direction (0.58 nm) of the crystallographic unit cell of the
muscovite mica (001). The GAV-9 monomers were placed every
two epitaxial binding sites with the N-terminus closer to the mica
surface. During the initial stage, different numbers of the SPC/E
water molecules were added into the confined mica-graphene
system: 1007 in 1 nm thick water, 3126 in 3 nm thick water, and
12805 in bulk water. Forty Cl- ions were added into the system
to neutralize the N-terminal NH3+ of GAV-9 with the positive
charge. For comparison, a system denoted as no confinement
was constructed with the similar strategy, but by removing the
graphene layer (see Fig. S5).
All-atom molecular dynamics simulations were performed
with the open source software Gromacs (2018 version).36 The
SPC/E water model was used and the periodic boundary
conditions were applied to all the directions. Semi-isotropic
coupling at the target pressure 1 bar was applied, which meant
that the box vector moved only in the z direction. During the
simulation, only the atoms in the muscovite mica were fixed. The
Particle Mesh Eward method37 was applied to treat the longrange electrostatic interactions and the cut-off for the
nonbonding dispersion energies was set to 1.2 nm. The bonds in
the SPC/E water, GAV-9 peptides, and graphene layer were
constrained by the LINCS algorithm. The simulation systems
were first minimized with the steepest descent minimization to
avoid possible bad contact and system blow up, followed by a
100 ps equilibration with the NVT ensemble and 100 ns
equilibration with NPT. During the NPT equilibration, the vrescale method and Berendsen approach were applied for the
temperature and pressure coupling.

Results and discussion
The GAV-9 peptide assembled into hydrogel-like nanostructures in
the graphene nanocapillary
It has been demonstrated that a graphene sheet deposited on a
smooth substrate, which forms a nanocapillary between them,
could accurately replicate water layers and other molecules such
as DNA in the nanocapillary.16,38–40 In our experiments, atomic
force microscopy (AFM) images showed that the graphene
sheets could enable the non-destructive visualization of the
condensed water layers, as well as the micro-contact printing
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Fig. 1 In situ AFM observations of the self-assembling process of the GAV-9 peptide
confined in the mica-graphene nanocapillary under a RH of 90%. (A) Schematic
representation of the sample preparation process. The peptide strips were generated
by a D-μCP method,24 and then were subjected to a high humidity condition. (B) AFM
image of the GAV-9 strips generated by the D-μCP method before incubation. The
films connecting the peptide stripes under the graphene might be the
condensed water layers together with peptide monomers (or clusters). (C, D)
AFM images of the peptide hydrogels formed under a 90% RH environment, which
were maintained for 30 min (C) and 2 h (D), respectively. (E, F) Zoom-in AFM images
of the regions in (B) and (C), as labelled by the white dashed boxes, respectively. (G).
Cross-sectional profiles measured along the red and black dashed lines in (E) and (F),
respectively. Scale bars represent 1 µm for all the images.

(μCP)-generated peptide strips composed of peptide monomers
or nanoclusters in the nanocapillaries (Fig. 1). Furthermore, the
AFM characterization showed an obvious difference in the phase
contrast between the graphene sheets, mica substrate, and
peptide strips on a bare mica substrate (Fig. S1). In contrary, the
peptide strips and water layers in the nanocapillary showed no
obvious phase difference with the surrounding areas (Fig.S1),
which further confirmed the sandwich arrangement, as
schematically depicted in Fig. 1A.27,41
After a graphene sheet was placed on the peptide strips that
were μCP-generated on a bare mica substrate, a continuous AFM
imaging was performed (Fig. 1B–F) under a humidity-controlled
environment. Normally, the molecularly-thick water layers (Fig.
1B) would condense in the nanocapillary under such a condition,
thus allowing the investigation on the dynamic evolution of the
peptide self-assembly process in the water layers. It was found
that the GAV-9 strips started to "adsorb" the water molecules
when the RH was increased to 90% (Fig. 1C). Surprisingly, over
time, more of the flat peptide strips transitioned into the
hydrogel-like strips (Fig. 1D). During this transition, the
shrinking of the water layers took place simultaneously as shown
in Fig. 1E and F. The height profiles (Fig.1G) measured along
the red and black dashed lines in Fig. 1E and F, respectively,
show that the height increased dramatically from about 3 nm for
the peptide monomers (green and red arrows in Fig. 1E) to 8 nm
for the hydrogel-like structures (green and red arrows in Fig. 1F).
The hydrogel-like peptide assemblies were stable under a
medium RH condition, but they reversed to the peptide strip
structure when stored in a dry atmosphere for a long time. For
example, after the sample was stored at a RH of 20% for 8
months, the GAV-9 hydrogel-like structures (Fig. 2A)
disassembled (Fig. 2B), and the height of the peptide strips
recovered from about 8 nm to the initial value of 3 nm (Fig. 2C),
illustrating a dynamic balance between the self-assembly and
disassembly of peptide hydrogels with the variation in RH (and
thus the varying amount of the water in the nanocapillary).
As a control, when the sample was incubated under a RH of
90 % for 4 h, the GAV-9 peptide strips placed on the bare mica
surface (Fig. S2A) would self-assemble into ordered
nanofilaments (Fig. S2B and C) in a surface-assisted process that
was consistent with our previous reports.24 In addition, when the
water film condensed on a bare mica was disturbed by an ethanol
vapor,26 the straight peptide nanofilaments on the mica surface
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while the peptide hydrogel-like structures
S3A) in the
nanocapillary showed no detectable change (Fig. S3B).
Hydrogels composed of natural biopolymers usually retain
large amount of water, which play crucial roles in tumor
progression, invasion, and metastasis,42,43 and are commonly
used in repairing and regenerating a wide variety of tissues and
organs.44,45 Recently, peptide hydrogels have been developed for
multicellular cancer spheroids growth, release, and drug
screening.46 Specifically, the peptide hydrogels could elicit
angiogenesis and neurogenesis47 and the hydrogel encapsulated
peptide was found to improve the brain learning and memory
performance.48 The self-assembly of peptide hydrogels can be
induced with triggers, including pH, temperature, salt
concentration, and counter ion addition.49–53 Here we show for
the first time that the confined water can also be used as a trigger
for the formation of the GAV-9 peptide hydrogels. The
confinement suppresses the dielectric constant of the water
molecules,54 which reduces the favorability of hydrophobic
interactions.19 Therefore, the confined peptide monomers would
prefer to interact with the surrounding water molecules to form
hydrogel structures. It should be noted that, the mica-graphene
nanocapillary allows the peptide monomers to achieve a
concentration that is much higher than that in the bulk water, in
which the peptide monomers have already forms randomly
aggregates at lower concentrations.30 Whereas, when the peptide
monomers were placed on a bare mica substrate, they diffused
and assembled into nanofilaments as driven by the hydrophobic
interactions between the side chains (Fig. S2), indicating a
different assembly manner compared to that in the graphene
nanocapillary.
Molecular level mechanism of the hydrogel-like structures
To uncover the molecular origin of the hydrogel-like structures
of the GAV-9 peptide confined in the nanocapillary, MD
simulations were performed. Previous MD results suggested that
the GAV-9 peptide favors an “upright” configuration on mica
and the lattice structure of mica helps the GAV-9 monomers
assemble into a highly ordered β-stranded structure; while on the
nonpolar and hydrophobic highly oriented pyrolytic graphite
(HOPG) surface, the GAV-9 peptide would lie down and form
flat configuration.28,29,35 Based on these studies, we constructed
three systems with the GAV-9 peptides and the different initial
thickness of water layers on the mica surface, under the
confinement of a graphene layer. The initial configuration
presented in Fig. 3 contained a double layered muscovite mica
(001) (KAl2(Si3Al)O10(OH)2) (10.38 nm × 8.11 nm) and a large
Fig. 2 AFM images of the GAV-9 nanostructures confined between mica-graphene
nanocapillary. The GAV-9 hydrogels (A) recovered to the monomeric strips (B) after being
incubated under a RH of 20% for 8 months. (C) The height line profiles measured along
the red and green dashed lines in (A) and (B), respectively. Scale bars represent 1 µm for
both the images.

Fig. 3 MD simulations of the GAV-9 nanostructures confined between the mica-graphene nanocapillary within the differently-thick water layers. Upper row: snapshots of the initial
set-up with 1-nm-thick water (A), 3-nm-thick water (B), and bulk water (C) in the mica-graphene nanocapillaries. Lower row (D-F): corresponding snapshots of the final configurations
after 100 ns of simulation. The purple plate is the graphene layer, the blue ribbons represents the single GAV-9 peptide, the water molecules (red) are presented as stick-ball model
in A, B, D, E and lines in C, F for better viewing.
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graphene layer (5.82 nm × 5.78 nm) on the top. The initial
distance between the graphene layer and mica surface was 4 nm.
Forty GAV-9 monomers were packed onto a 5 × 8 structure on
the mica surface along the crystallographic axes (i.e., a and b) of
mica with the N-terminus of the GAV-9 peptide near the mica
surface (see Supporting Information Fig. S4). Different thickness
of water layers were added between the graphene layer and mica
surface, as shown in Fig. 3 (A) 1 nm water, (B) 3 nm water, and
(C) fully immersed in water (denoted as bulk water). For
comparison, the same packing strategy but without the graphene
layer (denoted as no confined) was also simulated and the results
are provided in the Supporting Information (see Fig. S5). Our
previous research indicated that with such a low packing density
the GAV-9 molecules would partially maintain a “standing up”
configuration but not form a highly ordered β-stranded
structure.28
After 100 ns of MD simulation, for confined water systems as
shown in Fig. 3D and E, the graphene layer collapsed down to
near the mica surface and bent upon binding of the GAV-9
peptides; meanwhile, the water molecules flowed inside the
“frizzy-hair-like” peptide structures. While in the bulk water
system, the graphene layer floated on the top of the GAV-9
peptide and many peptide molecules maintained a “partially
standing up” conformation with several others lied down on the
graphene surface. Fig. 4A provides the height distribution the
GAV-9 peptides in these systems. The inset plot shows that the
average heights of the GAV-9 peptides were as follows: no
confine > 1 nm water > bulk water > 3 nm water. Such results
imply the effects of confinement by the graphene layer on the
GAV-9 peptides. Compared to the results with the bulk water
(Fig. 4A), the peptides within the confined water had a high
probability at lower height (1–1.5 nm), which was induced and
shaped by the bent graphene layer. The effects of the
confinement could be clearly resolved in the 1 nm water results.
The peak at 0.6 nm referred to the peptides under the graphene
layer which were severely constrained by the mica-graphene
system, while the peaks at 1.5–2 nm referred to the peptides
which were not under the confinement as shown in Fig. 3D. This
also explains why the average height of the peptide in 1 nm water
was a little higher than that in 3 nm water where most of peptide
was under the mica-graphene confinement and had enough water
molecules to “hold” the bent graphene layer.
The tilt angles between the GAV-9 peptide and Z axis in all
four systems were also analyzed. Similar to the results from the
former study, the peptide maintained a partially “standing up”
conformation without the confinement of the graphene layer
(purple line in Fig. 4D). With the confinement of a graphene
layer, there is a strong hydrophobic interaction between the
graphene layer and the peptide side chains. Therefore, some of
the peptides would favor a lying-down conformation on the
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4D, the peptides in mica-graphene nanocapillaries
have higher
possibility of tilt angles within 70-80 degrees as compared to that
of no confinement. Similar peaks could also be found in the 1 nm
water results (yellow line in Fig. 4D) and 3 nm water results (blue
line in Fig. 4).
The distribution of water molecules in the confined micagraphene nanocapillary is presented in a 2D map (Fig. 4B, C, E,
F). The number density of water molecules (per nm3) was
calculated by cutting the simulation box (10 nm × 8 nm × 8
nm)into slices along the z direction and counting the occurrence
of water molecules within the single cells (0.02 nm× 0.02 nm ×
0.02 nm) in each slice. Frames from the last 40 ns of the MD
simulation were calculated. Several layers of the water near the
mica surface were resolved, which were induced by the weak
hydrogen bonding between the crystallographic structure of the
mica surface and the water molecules. In the 1 nm water and 3
nm water systems, water could be found under the confinement
in the graphene layer (Fig. 4B and C), which can be interpreted
as peptide hydrogels. Unlike in the bulk water and no
confinement systems, a clear area where the water molecules are
excluded could be resolved (light blue in Fig. 4E and F): such
areas contained the GAV-9 peptides. It has been demonstrated
that the backbone hydrogen bonding and the side chain
hydrophobic packing along the surface crystallographic of a- and
b-direction of mica are the key factors for the peptide assembling
into the highly ordered β-strandedstructure.28 Whereas in our
system with less packing density, the similar hydrogen bonding
and hydrophobic interaction could also occur especially in the
bulk water and no confinement systems but the interactions that
drive the peptide assembly are rather weak. This “weak
assembling effect” induces the lower number density of the
water molecule (Fig. 4E and F). In the 1 nm and 3 nm confined
systems, there is a strong hydrophobic interaction between the
graphene and the peptide side chains, which weakened the
peptide-peptide interactions (including hydrogen bonding and
hydrophobic interaction). As a result, the formation of peptide
nanofilaments are not preferred, and the exposed peptide
backbone would favor its interaction with water molecules via
hydrogen bonding, which leads to water entering to the peptide
positions to form hydrogel (Fig. S6A and B). Notice that the
simulation system (10 nm × 8 nm × 8 nm) is much smaller
compared to that in the AFM experiment. The water molecules
within the peptide hydrogels with 8 nm thickness as shaped by
the graphene layers, are too difficult to reproduce by the
molecule dynamics simulations Therefore, in our MD
simulations, only the molecular-level descriptions of the waterrich peptide hydrogel are provided.
Reversible polymerization/depolymerization of peptide
nanostructures confined in the nanocapillary

Fig. 4 The structure of the GAV-9 peptide and water profiles in the confined mica-graphene system. (A) Height distribution of the GAV-9 peptides on mica, where height is calculated
by projecting the peptides to y-z plane, and the average heights of all peptides over each frame are shown in the inset plot. (D) The tilting angle distribution of the GAV-9 peptides,
where the tilt angle is defined as the angle between the C-alpha chains of GAV-9 peptide with positive Z axis, and the average tilt angles of all the peptides over each frame are
shown in the inset plot. The probability is averaged over the last 40 ns of MD simulations. (B, C, E, F) Number density (per nm3) of the water molecules in the confined mica-graphene
system. The water profiles from an initial state of 1 nm thick water (B), 3 nm thick water (C), and bulk water (E) are drawn as 2D color map on the y-z plane. (F) Number density (per
nm3) of the water molecules in bulk water without the confinement of graphene layer. The deep blue area in the middle represents the position of the mica area where no water
molecule exists.
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Fig. 5 (A) Schematic representation of the sample preparation process and the humidity
treatment. (B–E) In situ AFM observations of the assembling/disassembling process of
the GAV-9 nanofilaments confined between mica-graphene nanocapillary. Original
peptide nanofilaments (B), peptide nanofilaments after incubation at 50% RH for 10 min
(C), peptide nanofilaments after further incubation at 10% RH for 30 min (D), and peptide
nanofilaments after further incubation at 35% RH for 20h (E). Scale bars represent 500
nm for (B-E).

The above studies are based on an initial state of monomers for
the GAV-9 peptide confined in the mica-graphene nanocapillary.
Then, an interesting question is that the behaviors of the GAV-9
peptide nanostructures in the nanocapillary which have already
assembled from monomers. The AFM study revealed a
reversible polymerization and depolymerization process of the
GAV-9 nanostructures confined in the mica/graphene
nanocapillary under a controlled RH.
Firstly, the aqueous solution of the GAV-9 peptide was
deposited onto the mica surface and rested for 2 min followed by
evaporation of the solvent under nitrogen flow. During this stage,
the monomeric peptide in solution assembled into the uniform
nanofilaments through a surface-assisted epitaxial growth
process on the mica surface, which has been systematically
studied in our previous work.29,30 Then a graphene sheet was
transferred onto this mica surface so that the peptide
nanofilaments were located in the nanocapillary (Fig. 5A). The
AFM images clearly show that the nanofilaments were immersed
in the confined ice-like water layer in the mica-graphene
nanocapillary (Fig. 5B). In addition, the nanofilaments were
oriented either parallel or having an angle of 120˚ to each other,
a direct evidence for the arrangement of the peptides perfectly
matching with the underlying mica lattice. The average height of
the peptide nanofilaments (Fig. S7A) is about 1.2 ± 0.3 nm (Fig.
S7C). Based on comparison with the height of 1.5 ± 0.5 nm (Fig.
S7D) for the unconfined peptide nanofilaments on the bare mica
surface (Fig. S7B), we conclude that the graphene can replicate
the topography of the peptide nanofilaments with higher
precision in a non-destructive manner.
The in situ AFM observations showed that, after incubated at
a RH of 50 % for 10 min, in which the confined water layers
grew (as indicated by the white dashed lines in Fig. 5C), some of
the GAV-9 nanofilaments (as labelled by the yellow arrows in
Fig. 5B) quickly assembled into nanosheets (about 1.2 nm in
height) orienting along the same direction (as labelled by the
yellow arrows in Fig. 5C). Besides, new peptide nanosheets also
formed simultaneously, as illustrated by the green arrows in Fig.
5C. However, after incubated at a RH of 10% for 30 min, the
decrease of the water layers was found to disturb the structural
composition of the peptide nanosheets. As a result, the
nanosheets disassembled into random aggregates (Fig. 5D).
During this process, the thin water layers remained about 0.42
nm in height and located in the regions where the nanosheets
formed (red “+” symbols in Fig. 5D). These peptide aggregates
reassembled into filaments with an increase in the water layers
under a RH of 35%for 20 h (Fig. 5E). Interestingly, the
nanofilaments recovered to the original trajectory (comparing
Fig. 5E with Fig. 5B). In contrast, there is no change in the shapes
of the filaments that were out of the nanocapillary but on the
same mica surface under similar RH treatments. The above
results show that the GAV-9 nanofilaments as an initial state
confined between the mica and graphene system could not form
hydrogels with the increase in the humidity. This can be
explained by the fact that the hydrophobic sidechains of the
GAV-9 nanofilaments are buried away from the water and a
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under RH 20% for 5
months (B). Scale bars represent 1µm for (A) and 0.5 µm for (B).

highly ordered β-stranded structure forms,28 thus, it is not
energetically favorable to interact with the water molecules.
It was also important to note that the distribution of the
confined water layers rely on the locations of the GAV-9 peptide
nanofilaments. Normally, the water layers (with a height of about
0.38 nm) tended to gather around the peptide nanofilaments,
leaving water-empty pools between the nanocapillary (as
labelled by the white dashed quadrilaterals in Fig. 6A). We
speculated that around such a restricted region, in the position
with the filaments formed, the hydrophobic interaction serves to
bury the hydrophobic side chains from the water molecules and
form the stable β–sheet structures;28 while in the position where
no filaments formed, the hydrophobic residues of the peptide
monomers are exposed and thus impede the water molecules
from diffusing into the closed space. In fact, the water molecules
only accumulated around the peptide nanofilaments after
incubation under a long period of low RH treatment (20 % for 5
months), as illustrated by the white arrows in Fig. 6B. New
filaments formed in the mica-graphene nanocapillaries when
incubated under a saturated 100% RH for 1 h, as illustrated by
the green arrows in Fig. S8B and C.

Conclusion
In summary, we have shown the self-assembly behaviors of the
amyloid peptide GAV-9 confined in mica-graphene
nanocapillaries immersed in water layers. It was found that the
confined water layers and the peptides would significantly
influence each other: the confined water layers could control the
self-assembly process and the assembled structures of the
peptide; while the distribution of the confined water layers
largely depended on the locations of the peptide nanofilaments.
The confined GAV-9 peptide monomers undergo a monomer–
hydrogel phase transition, triggered by an increase in the
surrounding water molecules. MD simulations further proved
such transitions are induced by the interfacial water under the
mica-graphene confined system. In contrast, the unconfined
GAV-9 peptides on the same mica surface self-assembled into
nanofilaments, with the increase in the humidity. The
depolymerization and reassembly of the confined GAV-9
nanofilaments occurred reversibly under different amounts of
water layers. Generally, the water confined at nanoscale is
believed to have a unique function in the biological structures
and dynamics. Since the direct study of the functions of the
confined water in vivo in the biological samples is difficult, we
believe that our system provides a potential method to study the
effects of the 2-D confined water on a biological process at the
molecular level.
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Fig. 1 In situ AFM observations of the self-assembling process of the GAV-9 peptide confined in the micagraphene nanocapillary under a RH of 90%. (A) Schematic representation of the sample preparation
process. The peptide strips were generated by a D-μCP method,24 and then were subjected to a high
humidity condition. (B) AFM image of the GAV-9 strips generated by the D-μCP method before incubation.
The films connecting the peptide stripes under the graphene might be the condensed water layers together
with peptide monomers (or clusters). (C, D) AFM images of the peptide hydrogels formed under a 90% RH
environment, which were maintained for 30 min (C) and 2 h (D), respectively. (E, F) Zoom-in AFM images of
the regions in (B) and (C), as labelled by the white dashed boxes, respectively. (G). Cross-sectional profiles
measured along the red and black dashed lines in (E) and (F), respectively. Scale bars represent 1 µm for all
the images.
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Fig. 2 AFM images of the GAV-9 nanostructures confined between mica-graphene nanocapillary. The GAV-9
hydrogels (A) recovered to the monomeric strips (B) after being incubated under a RH of 20% for 8 months.
(C) The height line profiles measured along the red and green dashed lines in (A) and (B), respectively.
Scale bars represent 1 µm for both the images.
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Fig. 3 MD simulations of the GAV-9 nanostructures confined between the mica-graphene nanocapillary
within the differently-thick water layers. Upper row: snapshots of the initial set-up with 1-nm-thick water
(A), 3-nm-thick water (B), and bulk water (C) in the mica-graphene nanocapillaries. Lower row (D-F):
corresponding snapshots of the final configurations after 100 ns of simulation. The purple plate is the
graphene layer, the blue ribbons represents the single GAV-9 peptide, the water molecules (red) are
presented as stick-ball model in A, B, D, E and lines in C, F for better viewing.
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Fig. 4 The structure of the GAV-9 peptide and water profiles in the confined mica-graphene system. (A)
Height distribution of the GAV-9 peptides on mica, where height is calculated by projecting the peptides to
y-z plane, and the average heights of all peptides over each frame are shown in the inset plot. (D) The
tilting angle distribution of the GAV-9 peptides, where the tilt angle is defined as the angle between the Calpha chains of GAV-9 peptide with positive Z axis, and the average tilt angles of all the peptides over each
frame are shown in the inset plot. The probability is averaged over the last 40 ns of MD simulations. (B, C,
E, F) Number density (per nm3) of the water molecules in the confined mica-graphene system. The water
profiles from an initial state of 1 nm thick water (B), 3 nm thick water (C), and bulk water (E) are drawn as
2D color map on the y-z plane. (F) Number density (per nm3) of the water molecules in bulk water without
the confinement of graphene layer. The deep blue area in the middle represents the position of the mica
area where no water molecule exists.
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Fig. 5 (A) Schematic representation of the sample preparation process and the humidity treatment. (B–E) In
situ AFM observations of the assembling/disassembling process of the GAV-9 nanofilaments confined
between mica-graphene nanocapillary. Original peptide nanofilaments (B), peptide nanofilaments after
incubation at 50% RH for 10 min (C), peptide nanofilaments after further incubation at 10% RH for 30 min
(D), and peptide nanofilaments after further incubation at 35% RH for 20h (E). Scale bars represent 500 nm
for (B-E).
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Fig. 6 AFM visualization of the GAV-9 nanofilaments and water layers confined in the mica-graphene
nanocapillary at ambient conditions (A) and under RH 20% for 5 months (B). Scale bars represent 1µm for
(A) and 0.5 µm for (B).
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In the confinement of a mica-graphene nanocapillary, the self-assembly behaviors of
peptides were controlled by the dynamically-changing water layers.
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