RESEARCH ARTICLE

W) Check for updates

Juill

www.small-journal.com

Supramolecular Assembly and Interfacial Hydration of
Tandem Repeat Dipeptides on 2D Nanomaterials: Insights
From 3D-AFM Measurements and MD Simulations

Ayhan Yurtsever,* Fabio Priante, Linhao Sun,* Marie Sugiyama, Kazuki Miyata,
Keisuke Miyazawa, Sanhanut Kesornsit, Katsuhiro Maeda, Adam S. Foster,

Yuhei Hayamizu,* Mehmet Sarikaya, and Takeshi Fukuma

The design of functional bionanomaterials formed by peptide supramolecular
organizations on atomically-thick solids relies on understanding molecular
self-assembly mechanisms. This study investigates the structural aspects of
short peptide assemblies on 2D crystallographic solid surfaces, aiming to
create structurally well-defined peptide-solid hybrid systems with soft
interfaces. The understanding of complex interplay between sequence-specific
molecular interactions among peptides and substrates toward controlled
nanoarchitecture formation remains challenging. The lack of understanding of
the role of local hydration structures at the molecular level further hinders the
rational design and functional control of these systems. A custom-built atomic
force microscope, complemented by molecular dynamics simulations, is used
to study the assembly of Tyr-His (YH) dipeptides with tandem repeats on
cleaved graphite and MoS, substrates. Molecular visualization of assembled
peptide nanostructures and associated localized 3D hydration structures in
aqueous solutions demonstrates that the peptides form fully extended, linear
conformations aligned with specific crystallographic orientations on the solid
substrate. The physical lengths of the assembled peptides match their
unfolded states, including the hydration layers. These results underscore the
critical role of water in stabilizing and organizing peptide assemblies on solid
substrates. This bio/nano system with well-controlled nanoarchitecture offers
a highly potent biofunctionalization platform for biomedical and
bionanotechnology applications, such as biosensors and bioelectronics.

1. Introduction

Short peptides can self-assemble to form
supramolecular structures on solid mate-
rials, for use as biomolecular substrates
to construct functional nanomaterials.[']
Peptides are preferable to proteins for sur-
face assemblies due to simpler sequences
and ease of manipulation. Recent interestin
these biomolecular nanostructures stems
from their role in understanding molecular
assembly mechanisms relevant to technol-
ogy, providing a molecular platform for
biosensors!*®l and bioelectronics!*=3711]
applications. By understanding the assem-
bly mechanism,!'712l one may design
peptide-based materials with tailored
structures and desired properties that
stem from the nature of the bio/nano soft
interfaces, thereby controlling molecule-
solid interactions—the key to integrating
biology with inorganic materials.[>!°]

Despite significant research, chal-
lenges remain in understanding and
controlling peptide assembly on solid
surfaces, especially regarding the rela-
tionship between peptide sequences and
self-organized  architectures.'®]  These
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limitations originate, first, from the use of random peptide se-
quences on arbitrary solid surfaces without rational design con-
sideration of peptide-solid interactions, which are key to driving
the self-assembly processes. Second, there are spatial and tem-
poral limitations in visualizing the formed structures, which re-
quire in situ observation in aqueous solutions with molecular or
submolecular resolution. Third, the role of solvents in peptide
assembly—their local organization around peptide nanostruc-
tures and their real-time dynamics—remains poorly understood
and largely uncharted at the molecular scale. The solvent-peptide
interactions and the resulting solvation/hydration shells sur-
rounding peptides affect the energy landscape of self-assembly
process, influencing the kinetics, conformation, surface binding,
and stability of different peptide assembly configurations, and
provide dynamic flexibility,['”) which, in turn, affect their ability
to self-assemble into ordered nanostructures on solid surfaces.
While the effect of solvents is acknowledged,!'®! no experimental
results have detailed peptide hydration structures in 3D interfa-
cial space with sub-nanometer spatial resolution. The hydration
of a protein influences binding and selectivity, affecting the reac-
tivity and interaction with other molecules, which are crucial for
their applications in sensing, linking and catalysis.['*?%] This ef-
fect arises mainly from the additional energetic penalty imposed
by the hydration shells during ion interactions with the peptide
surface in host-guest binding, as the structured water layers must
be displaced to enable the peptide and host to make close direct
contact.2!]

The first limitation is largely overcome by the use of self-
assembling solid-binding peptides, as demonstrated in numer-
ous studies that show the controlled organization of 10-15
amino acid long wild-type or mutant peptides with predictable
structures and electronic properties.”1271422-29] For the sec-
ond constraint, the atomic force microscopy (AFM) emerges
as a standout technique that provides sub-nanometer struc-
tural details of complex biomolecular structures under aqueous
environments.[121430-34] The third challenge—understanding the
role of water or solvent in the assembly process—can be tack-
led using an advanced 3D-AFM measurement technique based
on small-amplitude oscillations,3135) which provides unprece-
dented structural resolutions!*23¢3% for determining the molec-
ular arrangements of the 3D local hydration/solvation structures.

Here, we examined a simple dipeptide known to self-organize
on atomically flat solid interfaces, such as graphite and MoS,.[’]
We chose tandem repeats of a dipeptide with amino acids having
aromatic side groups, tyrosine (Y) and histidine (H) with phenol
and imidazole side chains, respectively. We investigated the as-
sembly behavior of nr-YH peptides, where n is the number of re-
peating (YH) units. We analyzed the 2D assemblies on surfaces
by AFM, while the 3D structures in solution were studied with
circular dichroism (CD) spectroscopy; the secondary structures
of the peptides on graphite in water were assessed using ATR-
FTIR spectroscopy, and molecular modeling based on density-
functional theory (DFT), neural network potentials (NNP), and
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molecular dynamics (MD) was conducted to understand stabi-
lization and organization on graphite. Our study provides two key
insights: i) high-resolution imaging of 3r-, 41-, and 5r-YH peptide
assemblies in water with submolecular spatial resolution, clearly
demonstrating linear molecular assembly with single- or two-
amino acid resolution; ii) determination of the 3D local hydration
structures of water surrounding the peptide assembly structures,
emphasizing solvent-peptide interactions critical for stabilizing
supramolecular structural ordering. In particular, the dipeptides
with varying numbers of YH units(3, 4, and 5) showed peptides
forming straight, linear structures aligned with specific crystallo-
graphic orientations on the solid surfaces, correlating with their
fully extended conformations and specific hydration structures.
The role of water in the assembly processes was investigated us-
ing 3D-AFM, which provided a detailed view of the 3D molec-
ular organization and the localized hydration structures that en-
close the self-organized peptide molecules. The self-organization
of simple peptides into predictable crystalline molecular lattices
establishing chiral interfaces with the underlying hexagonal sur-
face lattices, such as in graphite and MoS,, is highly promising
for integrating biomolecules with solid-state devices. The foun-
dational insights gained from understanding the mechanisms
behind self-assembled peptide nanostructures will drive future
advancements. It is plausible to envision that peptide-2D chalco-
genides, specifically MX, transition metal dichalcogenides, could
serve as a potential bio/nano hybrid platform for applications in
flexible transistors, sensors, and memory devices.[*]

2. Results and Discussion

2.1. Molecular Organization of nr-YH Peptide Assemblies on
Graphite and MoS,

The nr-YH peptides shown in Figure 1A are short amphiphilic
dipeptides composed of alternating amino acid sequences: tyro-
sine, which is non-polar and hydrophobic, and histidine, which
is polar, hydrophilic, and mostly neutral at pH 7.0. This combi-
nation of sequences allows nr-YH peptides to self-assemble into
various nanostructures through a balance of intermolecular inter-
actions among peptides and the surface. Histidine is an amino
acid characterized by the presence of an imidazole ring in its
side chain and plays an important role as a catalytic residue in
the active sites of many enzymes.[*1#?] Tt is essential for protein
functionality, particularly for proton transfer.*}] Furthermore,
leveraging histidine’s strong affinity for lipid membranes, sev-
eral studies have been conducted to develop cell-penetrating pep-
tides that incorporate histidine residues for the targeted delivery
of biomolecules into cells.[***1 Our results showed that peptides
with n > 2 consistently form well-ordered crystalline assemblies,
whereas 2r-YH tends to form aggregates, clusters, or single par-
ticles instead of stable crystalline structures (Figure 2; Figures S1
and S2, Supporting Information). Examples of self-organized 31-
YH, 4r-YH, and 5r-YH peptide assemblies on graphite show the
formation of stable, densely packed, long-range-ordered, 2D crys-
talline nanostructures (Figure 2A-C; Figures S3 and S4, Support-
ing Information). The peptide assemblies arrange into oblique
lattices, with lattice parameters, a, along the transverse direction
differing according to their respective lengths, while identical
lattice parameters are found along the longitudinal direction, b,
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Figure 1. Molecular characteristics of nr-YH peptides (n = 3, 4, 5). A) The molecular structure of the peptide contains two amino acids: Tyrosine, with
a phenol side chain, and Histidine with imidazole ring. The schematic represents the sequences of the peptides and their lengths in their unfolded
conformations. B) Binding constants of the 3r-, 4r- and 5r-YH peptide assemblies on graphite, and for the 4r-YH on MoS,. C) CD spectra of peptides
in water at 100 uM concentration. D) Concentration dependence of CD spectra for the 4r-YH peptide at 5, 25, 50, and 100 puM. E) In situ (ATR)-FTIR

spectra recorded for the 4r-YH peptide assembly on graphite at 10 uM.

corresponding to the linear width of the peptides (Figure 2Q,R).
Each peptide assembly establishes an exclusive chiral crystal-
lographic relationship with the underlying solid atomic lattice
(Figure 2M-P; Figure S5, Supporting Information). This obser-
vation suggests that solid substrate facilitates templating of the
peptide for binding and assembly.

There is a strong correlation between the number of (YH) units
in the peptide chain and the number of intervals between repeat-
ing molecular features in the transverse direction in the AFM
images (Figure 2; Figures S3 and S4, Supporting Information).
This observation suggests that the peptide chains adopt a mini-
mally folded, linearly extended conformation within the assem-
bled structures, as supported through the height profiles and FFT
analysis (Figure 2E-G). While the values of b in all cases are 0.85
+ 0.05 nm, the widths of the unit cell in the transverse direc-
tion, the values of lattice parameter a, were ~2.36 + 0.15 nm for
3r-YH, 3.04 + 0.21 nm for 4r-YH, and 3.72 + 0.21 nm for 51-
YH peptide assemblies (Figure 2Q,R), with the difference in the
values of a being about 0.68 nm for the successive 3r-, 4r-, and
5r-YH peptide assemblies. The observed difference in transverse
unit cell widths (a values) corresponds closely to the variation in
the number of amino acids among the peptides. On the other
hand, a lattice parameter values are slightly larger than the fully
extended lengths of each peptide and show some variations cen-
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tered at about 0.2-0.3 nm (Figure 2Q,R), which can be attributed
to the presence of water molecules within the hydration layer of
each peptide molecule. The presence of water, therefore, would
facilitate hydrogen bonding interactions, including those involv-
ing the peptide terminal groups and water molecules. These weak
interactions serve as flexible bridges between peptides and fa-
cilitate subtle structural adjustments necessary during the self-
organization processes. To determine the influence of the sur-
face on the observed assembly properties, we also studied the be-
havior of 4r-YH peptides on MoS, in water. The peptides also
self-assemble into a long-range, ordered crystalline nanostruc-
tures on MoS, (Figure 2D). Again, the assembled molecular lat-
tice exhibits a four-interval lattice pattern, indicative of the pep-
tide adopting an extended linear conformation within an oblique
lattice (Figure S6, Supporting Information).

To provide a molecular-level understanding of the observed
peptide assemblies, we carried out geometry relaxations (in vac-
uum) of dipeptide fragments on graphene using a NequlP[*!
NNP. The use of an NNP is motivated by the complexity of
these on-surface assemblies, which might not be fully captured
by available MD force fields.[?®] The NNP was trained on DFT cal-
culations carried out with the optB86b-vdW functional,[*’! within
the VASP*®! framework. Using the NNP to perform geome-
try relaxations, we determined YH assembly configurations that

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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matched well with the experimentally observed patterns. The op-
timized structures were then solvated, as detailed in the Methods
section. The (YH) dipeptide sequence can, in principle, partic-
ipate in z—z stacking interactions. However, these interactions
are not as strong as those between purely aromatic rings, such
as Y-Y pairs, due to the less extensive delocalized r electron sys-
tem in the imidazole ring of histidine. Nevertheless, it is con-
ceivable that the presence of OH groups in tyrosine residues can
strengthen the interactions between adjacent peptides by form-
ing H-bonds with the N atoms in the imidazole ring of histidine.
A simulated assembly structure of 4r-YH on graphene (Figure 3;
Figures S7-S9, Supporting Information) reveals a parallel, lin-
ear molecular arrangement of individual peptides with certain
laterally staggered orientations relative to the longitudinal direc-
tion (indicated by red arrows in Figure 3A,B). The molecular or-
ganization of peptides was constructed based on arrangements
where different peptide termini face each other, either C-to-N or
N-to-C. The aromatic moiety of tyrosine and the histidine imida-
zole units are positioned on opposite sides of the dipeptide back-
bone and are vertically aligned with an alternating arrangement,
interacting with neighboring peptide aromatic rings through a
half-displaced, face-to-face z—z stacking arrangement. The pep-
tide backbone is aligned along the zigzag direction of the graphite
lattice, with the tyrosine and histidine aromatic rings aligned at
an angle of 60° with respect to the backbone. This molecular orga-
nization forms an oblique lattice with @ = 3.1 nm and b= 0.9 nm
with a = 74°, which is in excellent agreement with the lattice pa-
rameters determined from our experiments (Figure 2Q,R). The
spacing of 0.7 nm (corresponding to the two amino acid units)
between the periodic molecular features along the peptide orien-
tation in our simulated structures agrees well with the observed
periodicity in the close-packed molecular arrangement of dipep-
tide assemblies in AFM experiments (Figure 2; Figure S3, Sup-
porting Information), providing a realistic model of peptide be-
havior on graphite surface.

Our simulations suggest that the linear structural assembly of
nr-(YH) dipeptides is mainly driven by a combination of weak in-
teractions, including hydrophobic interactions between the pep-
tides and the underlying graphite lattice, hydrogen bonding be-
tween the OH groups in tyrosine and the O atoms of the neigh-
boring dipeptide backbone, the N atoms in the imidazole ring
of histidine, and z—r stacking interactions between tyrosine and
histidine residues. Furthermore, it appears that the face-to-edge
#—r stacking (T-shaped) interactions between the edges of ty-
rosine benzene rings and the face of the hexagonal carbon lat-
tice in graphite further stabilize the assembled dipeptide struc-
tures. It is well established theoretically that z—z interactions oc-
cur between aromatic functional groups in peptide side chains
and graphene surfaces, as well as between different peptide side
chains and the backbone.[*-52] These interactions result in strong

www.small-journal.com

binding affinities between graphene and peptides with aromatic
functional groups. To confirm this, we quantified the T-shaped
n—n stacking interactions using the NNP. Specifically, we com-
puted the average interaction energy between an individual Y
ring (obtained by removing the rest of the peptide assembly) and
the HOPG surface, which gave a Ex—z; = —1. 42 + 0.05 eV. For
comparison, we considered a benzene dimer with the same T-
shaped arrangement, in which these interactions are on the or-
der of 0.1 eV.53! Our Ez—z; includes the entire surface, not just
one ring, but the computed value highlights its significance in
stabilizing the peptide assembly.

We performed CD measurements in solution to provide fur-
ther insights into the secondary structures and intra- and inter-
molecular interactions of the dipeptides (Figure 1C). All 3-5 tan-
dem repeat peptides displayed identical CD spectra, character-
ized by a positive band at 228 nm, a negative absorption band
at 199 nm, and a shoulder located between 210-218 nm. The
spectra suggest that the peptides adopt a random coil confor-
mation,indicating the characteristics of intrinsically disordered
proteins in aqueous environments. The presence of the shoulder
and the locations of peak positions, which deviate from the typ-
ical profiles, may indicate the possibility of transient z—= inter-
actions between the aromatic residues in solution. The changes
in the electronic structure of the aromatic moieties, as evidenced
by the shoulder and shifts in the CD spectra, suggest that these
interactions may stabilize certain local peptide folded conforma-
tions, even though they may not result in a highly stable over-
all peptide structure in solution. Interestingly, none of the CD
spectra of the tandem (YH) peptides shows concentration depen-
dence (Figure 1D), suggesting that these transient interactions
are intramolecular within a peptide rather than intermolecular
among different peptides. Furthermore, the peak intensities at
228 nm indicate that 4r-YH has the highest intensity, while 5r-
YH has the lowest (Figure 1C). This suggests that 4r-YH may
have an optimal length for the repeating dipeptide, promoting
favorable intramolecular z—r stacking interactions between aro-
matic residues. If so, then the aromatic moieties of tyrosine or
histidine may adopt a favorable orientation and create optimal
spacing between them. This process may lead to the formation of
more stable and ordered local conformations in 4r-YH compared
to 3r-YH and 5r-YH, which results in a more pronounced CD
peak, as observed. The (ATR)-FTIR studies carried out with the
4r-YH indicate that this peptide forms f-sheet secondary struc-
ture on HOPG in water (see details in Methods). Taken together,
these results suggest that H-bonds between the backbone car-
bonyl O of one peptide and the H atoms of the side chains of
tyrosine or histidine residues of the neighboring peptide may
contribute to the formation of f-sheet interactions between pep-
tides. These interactions, in addition to the primary backbone-
backbone H-bonds, help to create a stable f-sheet assembly

Figure 2. Structural characteristics of the self-assembled nr-YH peptide on graphite and molybdenite. A-D) FM-AFM-recorded molecular resolution
images of the self-assembled 3r-, 4r-, and 5r-YH peptides forming 2D lattices on graphite in water and that of 4r-YH on MoS,. E-H) The corresponding
FFT pattern obtained from the peptide assemblies in panels (A-D). The reconstructed images in (I-L) are obtained by executing inverse 2D FFT spectra
(E-H). The white arrows show bright contrast features in a given peptide lattice, the number of which is consistent with the repeating YH units for
each peptide assembly. M—P) Crystallographic orientation relationships between the peptide crystals and the solid lattice obtained through matching the
molecular lattice of the peptide and the atomic lattice of the solids that give chiral relationship for each peptide. Q) A comparison of the peptide lengths
in assembled nanostructures with their unfolded, extended lengths. R) Histogram analyses, showing the transverse and longitudinal periodicities of the
peptide assemblies. All images were recorded by in situ FM-AFM using 1.5 uM peptide solutions.
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Figure 3. Simulated molecular arrangements of 4r-YH peptides on graphene. A,B) Oblique and top views, respectively, of the peptide assemblies showing
a parallel molecular organization of individual peptides with staggered orientations. C,D) A visualization of a single and four-peptides on graphene,
respectively, revealing detailed side-chain organization. The phenol of tyrosine and the imidazole of histidine are located on opposite sides of the
peptide backbone and are vertically aligned, interacting through a displaced, face-to-face 7—z stacking interactions. The phenolic hydroxyl group (OH)
of tyrosine participate in H-bonding with N of histidine and O of the adjacent peptide backbone. E) A peptide junction, showing the C- and N-terminal
configurations of two peptides in the assembled structure, highlighting how the peptide end terminal moieties and the OH- group from the neighboring
tyrosine can participate in H-bonding. F,G) High resolution FM-AFM images with overlaid molecular models. The green arrows indicate the four bright

contrast features in the unit cell, reflecting the number of (YH) units.

reinforced by the hydrophobic interaction of tyrosine with the un-
derlying graphite lattice.

2.2. 3D-AFM Measurements of Peptide-Water Interfaces

We also carried out 3D-AFM to examine the role of water in
peptide assembly processes (see details in Methods). 3D-AFM
is a prominent AFM technique that employs small-amplitude
oscillations!! to scan 3D interfacial surface regions and record
changes in forces resulting from interactions associated with the
interfacial solution or water structuring,!31-3336:383954-38] 4]]ow-
ing the investigation of 3D molecular organizations and inter-
actions of solvent molecules and ions within a depth of a few
nanometers. Our observations revealed a highly organized ar-
rangement of water molecules within the 3D interfacial space, re-
flecting the lateral periodicity and molecular symmetry of the un-
derlying peptide assembly structure in both X and Y directions,
as inferred from the vertical (Figure 4B,C) and horizontal slices
(Figure 4F-M) extracted from the 3D Afmap in Figure 4A. This
highly organized hydration layer extends ~0.6-0.7 nm away from
the nearest peptide surface into the bulk water along the z-axis.
While the hydration structure exhibits a discontinuous molecu-
lar arrangement laterally near the surface (marked by green ar-
rows in Figure 4C), following the specific chemical/structural do-
mains of the peptide assembly, at large distances it evolves into
a continuous arrangement without molecular ordering (high-
lighted by the red arrow in Figure 4B,C; Figures S10 and S11,
Supporting Information). This featureless molecular organiza-
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tion at large distances is identical to the hydration layer formed
on hydrophobic surfaces.[®®! The 2D vertical Af hydration pat-
tern acquired along the transverse direction indicates four dis-
tinct domains (Figure 4C; marked by green arrows) indicating
that the molecular structure of the hydration layer reflects the
2D structural arrangement of the 4r-YH peptide assembly, with
four interval lattice patterns spaced at ~0.7 nm. The evaluation
of the 2D XY Af slices through the hydration layers indicates
that the well-ordered hydration features gradually disappear, and
structures become visible only along the longitudinal direction
(Figure 4F-M). This structural transition from a highly ordered to
aless ordered structure is evident from the decrease in the inten-
sity of the FFT spots (Figure 4N) and the power spectral density
(Figure 40).

We performed MD simulations to gain a molecular-level un-
derstanding of the observed organization of water on peptides
and its role in the formation of peptide assemblies on graphite.
To do this, the structure previously optimized with the NNP in
vacuum was positionally restrained, solvated with water, and then
simulated using classical MD, as detailed in the Methods section.
Classical MD was utilized because of the prohibitive computa-
tional cost of using NNPs in ns production runs containing tens
of thousands of water molecules. At the same time, the position
constraints on YH were necessary since the potential energy sur-
faces of the NNP and MD force field are different, and, especially
for such a complex system, this difference can lead to signifi-
cant structural changes. The simulated 3D distribution of water-
oxygen density around peptide assemblies on bilayer graphene
shows a highly organized, complex density pattern with localized
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Figure 4. 3D-AFM volume map of peptide-water interface. A) 3D Af map of the water-(4r-YH) peptide interface, showing the molecular organization of
water near the assembled peptide surface in the 3D interfacial space. B,C) The ZX slices provide 2D vertical maps taken along the green lines labeled (1)
and (2) in (H), respectively. It can be noticed that the hydration pattern taken along (2) indicates four domains within a unit cell (marked by green arrows),
reflecting the 2D structural arrangement of the 4r-YH peptide assembly. D,E) Force-distance curve converted from Af using the Sader method, acquired
along the white and red lines labeled as (i) and (i) in (B). F-M) 2D XY horizontal Af slices extracted from the 3D map in (A) and their corresponding
FFT patterns. The red rectangles indicate the unit cell lattice of the 2D hydration structure. N) The changes in the FFT peak intensity as a function of
z-distance through hydration layers for the spots labeled (1) and (2) in (F). O) Changes in the power spectral density of FFT patterns at varying distances
from the surfaces. The scale bar in (F) applies to panels (F-M).

regions of increased density extending across the entire XY plane
(Figure 5A,B). The averaged vertical 1D water-oxygen density plot
as a function of distance shows that this well-structured water
density distribution fades away beyond ~0.6 nm from the surface
(Figure 5C), in excellent agreement with the experiment. The 3D
water oxygen density distribution was analyzed to extract a 2D
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in-plane representation of the density distribution (Figure 5D-I),
allowing for a direct comparison with the hydration structures
obtained from experiments (Figure 4F-M). Closer to the assem-
bly surface, the water density distribution exhibits a distinct pat-
tern, with the high-density regions clustered around the peptide
side chains possibly arising from direct H-bonding between the
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Figure 5. Simulated water-oxygen density distribution around 4r-YH peptide assemblies on bilayer graphene. A) An MD snapshot showing the peptide
assemblies on a graphene bilayer in water. The water molecules are depicted in a continuous van der Waals surface. B) A 3D map of the water oxygen
density distribution around the peptide nanostructures. C) A vertical 1D density-distance curve, illustrating the water density distribution both on peptide
and graphene layers. D—I) 2D horizontal water density slices extracted from the 3D map at different z positions. |-M) Vertical 2D density profile of water-
O atoms above the peptide nanostructure, taken along the white lines marked in panel (D). N) Vertical 2D density profile of water-O atoms above the

peptide, taken along the transverse direction, marked in (F).

hydrophilic moieties of the peptide and the surrounding water
molecules. As the distance from the surface increases, the well-
defined bright density features evolve into a relatively darker con-
trast with no clear localization, indicating a change in the na-
ture of the peptide-water interactions (Figure 5H,I). At large dis-
tances, the high-water density is mainly located along the lon-
gitudinal direction at the interface where two peptides join (red
arrow in Figure 5I). This organization at the interface may be at-
tributed to the specific arrangement of tyrosine residues within
the peptide assembly. Due to the relatively tilted orientation of
these residues—rather than being perfectly vertically aligned like
those at the center, as determined by calculating the angle and
center-of-mass distance between each tyrosine benzene ring and
its adjacent graphite hexagonal ring!>*! (see Figures S12 and S13,
Supporting Information)—hydrophobic domains are exposed to
water along the longitudinal direction. This exposure results in
the expulsion of water molecules from the immediate surface
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regions, leading to the confinement of water at larger distances
from the peptide surface.

The 2D in-plane density distribution and snapshots with over-
laid molecular structure reveal four bright features of high-water
density regions (Figure 6B,C), extracted from the 3D density map
(Figure 6A). These features closely align with the experimen-
tally obtained 2D horizontal XY Af patterns, where three promi-
nent and one faint hydration features appear within the unit cell
(Figure 6D) with identical periodicities of 0.7 nm along the trans-
verse direction. This observation demonstrates that water struc-
turing follows the four domains of underlying peptide assem-
blies in the unit cells. The displaced face-to-face molecular ar-
rangement of the histidine and tyrosine aromatic moieties at-
tracts water molecules to these regions, resulting in a higher lo-
cal density of water. This particular geometric arrangement may
also confine water molecules around these areas, similar to the
stabilizing role of directional H-bonds in protein structures. In
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contrast, at the joint where two peptides merge in a head-to-tail
manner, the hydrophobic pore of the tyrosine ring is exposed to
water, leading to a relatively less localized water density, similar to
that on a hydrophobic surface. The 2D density snapshots reveal
that water primarily interacts with the OH groups in the tyro-
sine residues and the N atoms in the imidazole ring of histidine,
leading to the confinement of water around these regions. The
simulated water oxygen density distribution also replicates most
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of the experimentally observed hydration features in the 2D ver-
tical XZ Af map along the longitudinal direction. The 2D verti-
cal XZ Afmap taken along the longitudinal direction (Figure 6E)
exhibits an undulating hydration feature with a periodicity of
0.85 nm, consistent with the simulated water-O density distri-
bution (Figure 6F). The 2D density snapshots and corresponding
H bonding networks, superimposed on the molecular structures
of the peptide assembly, reveal a preferential interaction between
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water molecules and the O atoms of the peptide backbone, as well
as with the H and N atoms of the histidine residues. This interac-
tion results in a closer proximity of water molecules to the surface
above the backbone O atoms, while positioning them at relatively
higher levels above the histidine residues, creating an intricate ar-
rangement that gives rise to an undulating water density profile
(Figure 6F,G; Figures S14 and S15, Supporting Information), in
agreement with the experiments.

The hydration force can be quantified by converting Af mea-
surements into force using the Sader method to understand the
nature of interactions between water and peptides. Here, two dis-
tinct types of force curves were observed — one displaying a clear
oscillatory profile, corresponding to the hydration forces, and the
other exhibiting a plateau-like force curve (Figure 6I). The lat-
ter is a characteristic of the interactions of water strongly bound
to the surface functional groups, likely through H-bonding. The
H-bond analyses (Figure S16, Supporting Information) show
a significant number bonds forming between water molecules
and the peptide C-terminal oxygen (labeled OG2D2), the hydro-
gen atoms in the NH and OH groups of histidine and tyro-
sine (labeled HGP1), and the backbone hydrogen atoms, as well
as between the nitrogen atoms of histidine (labeled NG2R50).
Additionally, a significant number of HBs form between wa-
ter molecules and the peptide backbone oxygen atoms (labeled
OG2D1). The observed close correlation highlights the strong re-
lationship between the peptide assembly structure and the spe-
cific arrangement of water in the hydration layer, suggesting that
water may play a crucial role in mediating interpeptide molecular
interactions, stabilizing specific conformations, and facilitating
assembly.

3. Conclusion

Here, we show that simple dipeptides with nr-YH tandem repeats
can be designed to self-organize into long-range ordered assem-
blies, forming molecular-thick 2D crystalline lattices on atomi-
cally flat inorganic surfaces with hexagonal symmetry, such as
graphite and MoS,. The exclusive lattice formed by each of the
tandem peptides has a lattice parameter equivalent to the linear,
unfolded length of the peptide, suggesting that there is a strong
interaction between the aromatic moieties of the amino acids and
the hexagonal organization of carbon atoms in graphite and those
of sulfur in MoS,. The interplay between aromatic interactions
and solvation effects significantly influences the self-assembly of
dipeptides on solid surfaces. Water plays a critical role by facil-
itating intermolecular interactions through H-bonding, thereby
enabling conformational flexibility during the self-assembly pro-
cess on substrates. Furthermore, the peptide-water interactions
and resulting water structuring that encapsulates the peptide sur-
faces are crucial for providing flexibility and selectivity to the
peptide chains, allowing them to adapt and respond to environ-
mental changes. The heterogeneity in the extent and structure
of hydration shells on the peptide surface suggests the presence
of specific binding pockets that could play a crucial role in me-
diating selective interactions with other biomolecules. Under-
standing water-peptide interactions through 3D-AFM measure-
ments helps in the design and engineering of peptide sequences
with specific properties and is important for understanding var-
ious phenomena such as protein folding, stability, and molecu-
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lar recognition. These well-organized, closely packed, long-range
ordered peptide assemblies could serve as templates for the 1
or 2D directed organization of inorganic nanoparticles,[®® allow-
ing control over interparticle distances at sub-nanometer resolu-
tion and enabling the study of their quantum mechanical prop-
erties. The YH peptide can act as a building block for the de-
sign of catalysts that mimic the active sites of natural enzymes by
forming catalytically active pockets through the spatial arrange-
ment of the peptide side groups. Additionally, these stable assem-
blies support biomolecule immobilization, providing platforms
for studying molecular recognition and enabling the develop-
ment of high-performance catalytic interfaces for electrochem-
ical applications.[®!] Overall, this study provides a novel perspec-
tive on the role of water in mediating peptide self-assembly, high-
lighting the importance of specific peptide sequences for generat-
ing well-defined, functional nanostructures. We emphasize that
the properties of the solvent, particularly its polarity and hydro-
gen bonding capabilities, play a critical role in determining the
structural organization, assembly mechanisms, and interfacial
structures of peptide assemblies, highlighting a promising direc-
tion for future research. Our ongoing research aims to unravel
the local hydration structures surrounding solid-binding pep-
tides, providing deeper insights into how hydrophobic and hy-
drophilic amino acid sequences influence the interfacial molec-
ular organization of water within the hydration zone, toward a
better understanding of the molecular mechanisms of commen-
surate peptide assemblies on solid surfaces.

4. Experimental Section

Peptide Solution:  19.2 mg of 3r-YH, 29 mg of 4r-YH, and 19.8 mg of 5r-
YH, peptide powders (purities > 98%, as verified high performance liquid
chromatography measurements) were provided by GL Biochem (Shang-
hai) Ltd. Their molecular weights are 918.95, 1219.26, and 1519.57 g
mol~", as confirmed by Mass spectrum measurements, respectively. Prior
to the AFM measurements, the peptide powders were dissolved in ultra-
pure water to obtain peptide solutions with a concentration of 100 uM for
3r-YH, 4r-YH, and 5r-YH. The prepared peptide solutions were stored in
—20 °C refrigerator. Depending on the experimental needs, the stock so-
lution was diluted into different concentrations of 0.1-10 uM.

Sample Preparation for AFM Observations: As substrates for peptide
self-assembly, freshly exfoliated highly oriented pyrolytic graphite (HOPG;
grade ZYA, mosaic spread 0.4 + 0.1°) and single-crystal, highly oriented
synthetic 2H-phase molybdenum disulfide (MoS,; mosaic spread 0.3°,
purchased from 2D Semiconductors) crystals were used. Prior to incuba-
tion on the substrates, stock solutions of 3r-YH, 4r-YH, and 5r-YH peptides
were equilibrated to room temperature. Subsequently, 120 uL of each pep-
tide solution was immediately deposited onto the graphite and MoS, sur-
faces and allowed to incubate for 10 min at room temperature. Following
incubation, the samples were rinsed 2-3 times with water and subjected
to FM-AFM investigation to characterize the molecular structures of the
self-assembled peptides under liquid conditions.

FM-AFM Setup: The surface and interface structural characterization
of self-assembled nr-YH peptides on HOPG and MoS, were realized with
a homemade FM-AFM system operating in liquid environments equipped
with an ultra-low noise cantilever deflection sensor.[®?] The oscillation of
the AFM cantilever was driven by photothermal excitation with an infrared
laser beam with a wavelength of 785 nm. The homemade AFM scanning
was controlled by a commercial AFM controller (ARC2, Asylum Research),
and the amplitude of cantilever oscillation was kept constant using a com-
mercially available controller (OC4, SPECS). The AFM was operated in
constant frequency shift (Af) mode, where the tip-sample distance is ad-
justed such that Afiis kept constant. The AFM images were acquired with
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160AC-NG cantilevers (purchased from OPUS) with a nominal spring con-
stant of 26 N m~" and a nominal tip radius <8 nm. This work also used
AC55 cantilevers (from Olympus) with a nominal spring constant of 85
N m~! and a nominal tip radius <8 nm, with a resonance frequency of
1.6 MHz. The individual spring constant of each cantilever was experi-
mentally determined using the standard thermal tune method,®3] after
each experiment. The scan rates and scan angle were adjusted to obtain
a better resolution of the surface features. AFM image rendering and data
processing were performed by using the WSxM and Gwyddion image anal-
ysis software. No filter was applied during the AFM scanning process.

3D-AFM Measurements:  The analysis of the 3D local hydration struc-
tures surrounding self-assembled YH peptide structures on graphite in
water was carried out using 3D-AFM force mapping experiments. The 3D-
frequency shift (Af) maps of the interfaces between the peptide and water
were generated employing the previously established 3D force mapping
methodology as described in Refs.[32,37] In particular, an additional fast
sinusoidal modulation was simultaneously implemented on the z-piezo
movement to precisely control the vertical position of the tip during image
acquisition and force mapping. This z-piezo signal was synchronized with
the lateral xy scanning movements of the tip, allowing for the recording
of Af at each tip location while maintaining a constant average distance
between the tip and the sample to ensure a stable Af set-point. Conse-
quently, this technique helped to produce a detailed map in which each
pixel within the 3D interfacial space is associated with a distinct Af value.
As the tip approached the surface, an oscillatory force acted upon it as a
result of the displacement of the structured water layer at these interfaces.
A 3D-Af map covering an area of ~(15-20) x (15-20) nm was acquired
through real-time recording of Af relative to the tip positions in the 3D in-
terfacial space between the peptide nanostructures and the surrounding
water. The typical resolution of the 3D Afdatasets was set at 128 x 128 pix-
els in the lateral dimensions and 256 pixels in the vertical dimension, prior
to any data interpolation applied in certain instances. The cantilever oscil-
lation amplitudes were adjusted within a range of 0.1 to 0.25 nm, which
is less than the size of a water molecule, thereby helping to clearly distin-
guish the distribution of local hydration layers. The modulation signal in
the z-direction during the 3D-AFM force mapping was characterized by a
frequency of 195.3 Hz and an amplitude in the range of 2-3 nm. The results
obtained from the 3D AFM were presented in terms of the Af correspond-
ing to the interaction between the tip and the sample. The resultant 3D-Af
map was subsequently transformed into a 3D force map utilizing Sader’s
method.

Circular Dichroism Measurements: To investigate the secondary struc-
ture formation in solution, CD spectroscopy measurements were per-
formed using a Jasco J-1500 spectrophotometer (JASCO Corporation,
Tokyo, Japan). All CD measurements were conducted in a cuvette with an
optical path length of 0.5 mm at room temperature (25 °C) in the wave-
length range of 180 to 300 nm. Each CD spectrum was averaged from
three scans, and the corresponding water baseline was subtracted from
the sample spectrum to correct for background scattering.

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy Mea-
surements:  (ATR)-FTIR measurements were performed at room temper-
ature using a JASCO Fourier Transform IR-4700 spectrophotometer in the
range between 7800 and 350 cm~. The (ATR)-FTIR spectra for different in-
cubation times of peptides were recorded for 5, 10, 15, 20, 30, and 60 min.
The spectrometer involves a diamond crystal internal reflective prism. The
sample solution (10 uM of 4r-YH peptide solution) was incubated on the
diamond crystal cell, and then a freshly prepared HOPG substrate was
brought into mechanical contact with the underlying sample solution by
inverting the surface. The amide | band was observed at different incuba-
tion times on the graphite substrate with peak positions in the range of
1637-1641 cm~'. This clearly indicates that 4r-YH peptides form f-sheet
secondary structures on HOPG in water.

Computational Details:  An individual 3r-, and 4r-YH peptide was con-
structed with NH;* as the N-terminus and COO- as the C-terminus. Fol-
lowing an initial arrangement inferred from the experimental data, a2 x 2
3r-YH and 4r-YH supercell was assembled, placed on a graphite substrate
and the geometry was relaxed. This relaxation was done using a NequIP[4¢]
NNP. The NNP was trained on a dataset of DFT calculations of peptide
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fragments on HOPG, calculated using the optB86b-vdW functionall*’] in
VASP.[*8] The NNP had a cutoff radius of r = 7.5 A, and its final validation
errors were of a force Mean Absolute Error (MAE) of 48.9 meV A~" and
an energy MAE of 0.956 meV atom™'. In geometry relaxation, the NNP
was used as an ASE[®4! calculator, together with a BFGS optimizer and a
stopping force threshold of 0.05 eV A=, In the final structure, the tyrosine
and histidine rings were arranged vertically in an alternating pattern. The
2 x 2 supercell was then replicated into a 4 X 8 one, which was then sol-
vated, giving a total of 101 867 atoms. Since the system was neutral, no
ions were added. Subsequently, the simulation of water density was carried
out. First, this density was simulated in Gromacs, using CHARMM?36(6°]
and TIP3P, and letting only the water molecules move freely by setting
position restraints on 4r-YH and HOPG. After carrying out a 5 ns equili-
bration, a 10 ns NVT production run was used to extract the water oxygen
density using MDAnalysis.[%®] The system was first equilibrated in NVT
for 5 ns at T =298 K, using the V-rescale thermostat with a time constant
of 7 = 0.1 ps. A 1 fs timestep was utilized. Electrostatics were computed
using PME with a 1.2 nm cutoff and 0.125 nm grid spacing, and van der
Waals interactions employed a cutoff of 1.2 nm with force-switching from
1.0 nm. Then, a 10 ns production run was carried out using the same set-
tings but with = = 1.0 ps. Finally, the water oxygen density was extracted
using MDAnalysis. A 0.1 A grid was utilized, and frames were sampled at
10 ps intervals.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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