Open Access Article. Published on 27 April 2021. Downloaded on 6/16/2026 2:14:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Nanoscale Adv., 2021, 3,
3605
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This paper reports atomic force microscopy results and molecular dynamics simulations of the striking

differences of long-term self-organization structures of negatively charged (AcA4),KD (double tail) and

AcA4D (single tail) peptides,

respectively, forming micrometer-long,

linearly ordered ribbon-like

structures and nanometer-sized, unstructured, round-shaped aggregates. The subsequent formation
steps of the long-range nanoribbons, experimentally observed only for the “double tail” (AcA4),KD

peptide, are analyzed in detail, showing that the initial “primary” unstructured round-shaped aggregates

progressively evolve into longer nanofilaments and into micrometer-long, network-forming nanoribbon

moieties. In particular, the long-range self-organization of the “double tail" peptides appears to be

closely

related to electrostatically driven diffusional

motions of the primary aggregates and

nanofilaments. The diffusional freedom degrees are prompted by the formation of a dynamic ternary air/

liquid/substrate interface, due to the water evaporation process from the ultrathin films of the peptide

solution cast onto a solid mica substrate. Overall, the initial aggregation of unstructured round-shaped

moieties, for both the peptides, can be seen as an entropy-driven process, involving the intra- and

intermolecular interactions of hydrophobic parts of the peptides, while the further formation of long
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nanoribbons, only for “double tail” peptides, can be viewed in terms of an enthalpy-driven process,

mainly due to the predominant electrostatic interactions between the charged heads of the interacting

DOI: 10.1039/d1na00216c

rsc.li/nanoscale-advances also highlighted.

1. Introduction

The arrangement of adsorbed molecules and macromolecules
at interfaces determines the functional performances of the
final interfacial constructs. This is particularly important for
biointerfaces, where the effective bioactivity of the biomole-
cules, towards the biological medium in contact, is fully deter-
mined by the many factors driving folding or unfolding,
orientation and proper exposure of epitopes, and density and
packing mode of the adsorbed biomolecules.'

As a matter of fact, the formation of complex hierarchically
self-organized bioactive structures is completely determined by
the manifold and dynamic interactions occurring in very thin
layers at the interfaces between biomolecules, surfaces and
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peptides. The role of the solid-liquid interface, as the locus of the enthalpy-driven linear organization, is

solvents. In this framework, peptide-based materials have
attracted a great deal of interest over the past few decades, due
to their wide application as basic components for complex
products such as highly biocompatible scaffolds for tissue
engineering,*” efficient tools for protein and enzyme immobi-
lization technologies,'”"* constructs for affinity purification,
biosensors and protein chips.*>*?

All these potential applications are closely related to the
versatility of peptides, deriving from the fine modulation of
their structure, owing to a suitable combination of the appro-
priate building amino acids and related properties, such as
stimuli responsiveness and chemical and biological modularity,
which in turn prompt their recognition by living organisms as
compatible biosystems.>%***1¢

An important class of these materials is represented by the
amphiphilic peptides, easily constructed by binding together
hydrophobic and hydrophilic amino acid residues, including
various possible structures linking charged heads to nonpolar
tails and alternating positive/negative or polar/nonpolar repeat
units.

The self-assembly of these molecules in aqueous solution
can be tuned by changing the pH or temperature, by adding

Nanoscale Adv, 2021, 3, 3605-3614 | 3605


http://crossmark.crossref.org/dialog/?doi=10.1039/d1na00216c&domain=pdf&date_stamp=2021-06-11
http://orcid.org/0000-0001-6144-4914
http://orcid.org/0000-0002-8369-5789
http://orcid.org/0000-0002-6929-9499
http://orcid.org/0000-0002-3626-1873
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00216c
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA003012

Open Access Article. Published on 27 April 2021. Downloaded on 6/16/2026 2:14:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

ions or simply by evaporating the solvent. Amphiphilic
peptides, indeed, according to the selected conditions, have
been shown to self-assemble into several classes of highly
ordered systems, including 1D-cylindrical nanostructures and
nanowires, 2D-ribbons, highly ordered nanotube structures,"”
stripes, sheets, large membranes, 3D-nanotubules, and so
on.”** It is important to note that these ordered structures
imply, in general, very asymmetric linear dimensions, being
limited to a few nanometers in diameter, but ranging from tens
up to hundreds or thousands of nanometers in length.>**-*

Furthermore, the self-organization processes and the nano-
structure formation are known to heavily depend on the balance
between several classes of interactions, such as hydrophobic
(pH dependent), electrostatic, inter- or intramolecular hydrogen
bonds and dispersive van der Waals forces.*®**** In particular, for
amphiphilic peptides a major factor driving the self-assembly
process has been shown to involve the interplay of hydro-
phobic and electrostatic interactions.>**>***3* In fact, by
changing the length of the hydrophobic region or modifying the
charge of the hydrophilic region it is possible to tune the
morphology of peptide self-assemblies through a synergistic
combination of these two driving forces.'®'*** Last, but not
least, an often neglected aspect of particular importance
involves the dynamic aspect of aggregation, i.e., the evolution of
the aggregation/organization processes of biomolecules from
the early interactions in water solution/dispersion up to the
final self-organized structures at the liquid-solid interfaces.

In spite of the wide range of potential applications of self-
assembled peptides, only a few computational studies on the
detailed formation processes have been performed, with
a concomitant substantial lack of theoretical insight about
them.'*?* Furthermore, the role of interfaces in the self-
assembling mechanism has not been specifically
addressed,>****** so that a ubiquitous process such as solvent
evaporation from ultrathin films of peptides cast on solid
surfaces has not been theoretically taken into account.

The present paper, therefore, aims to study the self-assembly
behavior of (i) a single tail alanine-based peptide, expected to
behave as a good surfactant,* and (ii) a double tail alanine-
lysine peptide, reproducing, to the best, the peculiar amphi-
pathic structure of phospholipids. Accordingly, we paid partic-
ular attention to the “history” of the early interaction events of
aggregation/organization of these two peptide sequences from
the bulk solution to their landing at liquid-solid interfaces,
which is responsible for the further organization at the meso-
scopic scale.®

In particular, the behavior of the two peptides leading to self-
organization at the interface between mica and an ultrathin film
of evaporating peptide solution has been investigated by means
of Atomic Force Microscopy (AFM), and detailed Molecular
Dynamics (MD) simulations have been performed to describe
the peptide arrangements occurring on the surface. In this
context, the AFM data for the single and double tail peptides
show strikingly different features at the solid surfaces, as far as
the first ones give only unstructured aggregates, while the
second ones form micrometer long, nanometer-wide ribbons.
Furthermore, a new MD simulation protocol, here presented for
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the first time, has been developed in order to closely simulate
the experimental conditions, taking explicitly into account the
evaporation process.

2. Results and discussion

In order to understand the self-organization of the negatively
charged peptides of interest, the study is focused on their
behavior at a basic pH, when the mica surfaces are also nega-
tively charged, as it has been reported from {-potential data for
highly basic solutions.*

As mentioned above, the two peptides investigated in this
paper have a marked amphiphilic character, as they are formed
by a hydrophilic anionic head, i.e., aspartic acid, and one or two
hydrophobic tails. In detail, the C-terminal end of both peptides
is uncapped, carrying two negatively chargeable carboxylic acid
groups. Hence, as AcA,D is formed by a negatively charged
aspartic acid unit (D) and four alanine residues (4), it may carry
a maximum of 2 negative charges at a pH value above the pK, of
the carboxylic acid (pK, ~ 3.7), with the two charges being
localized on the C-terminus of aspartic acid (see Scheme 1a).
The same behavior is expected for (AcA,),KD (see Scheme 1b).
Accordingly, we have performed all the experimental measure-
ments at pH = 11 to ensure that they are in the fully deproto-
nated form. Accordingly, the MD simulations were also
performed using peptides in the fully deprotonated form.

The respective peculiar organization of the two peptides at
the steady state, i.e., on the final “dry” surfaces (see below), has
been studied at the nanoscale by using atomic force micros-
copy, while the behavior of each type of peptide, in terms of
molecule-molecule and molecule-surface interactions at the
liquid/solid interfaces, has been analyzed by means of MD
simulation.
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Scheme 1 Molecular structures of (a) AcA4D and (b) (AcA4),KD
amphiphilic peptides.
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2.1. Atomic force microscopy analysis

Peptide solutions were deposited on freshly cleaved mica
substrates, taking advantage of their atomically flat and
uniform morphology, by incubating the mica surfaces in
diluted peptide solutions (10> M) for 30 minutes and then by
gently drying the wet surfaces in air. The AFM analyses, there-
fore, have been performed on “dry” surfaces, this term meaning
that we assume that residual water is still present at the
sampled interfaces, both as hydration molecules and ultrathin
water layers.

Fig. 1 and 2 show representative AFM images, selected from
at least 3 repeat experiments in different sample zones, for
(AcA,),KD and AcA,D, respectively. The images clearly show
that, in spite of their reciprocal structural similarity, very long
and remarkably linear fiber-like structures are predominantly
formed throughout the whole mica surface for the (AcA,),KD
peptides (Fig. 1), while in the case of AcA,D only apparently
unstructured round-shaped aggregates are observed (Fig. 2).
These different structures appear to be the result of the long-
term complex processes occurring at the dynamic ternary air/
liquid film/substrate interfaces, basically involving the water
evaporation process from the ultrathin films of the peptide
solution cast onto the solid mica substrate.

However, in view of the interest in highly ordered peptide
structures, we have focused the discussion on the remarkable
fiber network structures formed by (AcA,),KD peptides,
extending from the nano- to mesoscale (Fig. 1). In detail, in this
case various types of fiber-like structures can be seen, ranging
from very small isolated round-shaped aggregates (magenta
arrow in the inset), to short “protofibrils” (green arrow in the
inset) and to relatively large, micrometer-long fiber-like struc-
tures (yellow arrow in the inset). It is to be noted that these latter
structures are apparently formed due to the joining of several
single fibers, globally forming an extended network as seen in
Fig. 1. It is also worth mentioning that in the same figure,
round-shaped nanostructures, similar to those found for AcA,;D,
can also be seen (cyan arrow in the inset), appearing, however,

z=Snm

Z=5nm

500 nm

Fig. 1 AFM images of (AcA4),KD on a mica substrate. The high
magnification inset shows the various coexisting nanostructures (for
the meaning of the arrows see the text).
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Fig. 2 AFM images of AcA4D on a mica substrate, showing that for
these peptides only circular spots of aggregated peptides are found.

to be in general not related to the fiber-like network develop-
ment. Section analysis (not reported here), after appropriate
statistical data treatment, showed that all these structures have
a remarkably uniform, average thickness of 0.9-1.1 + 0.1 nm.
Therefore, we have to consider all the above fiber-like nano-
structures as thin nanoribbons of variable width and length.

As to the width, finally, three basic sets could be roughly
identified, respectively, consisting of “large size” ribbons, with
an experimental average width of 31.7 £ 0.1 nm, “medium”
ones, with an experimental average width of 14.4 £+ 1.4 nm and
“small” ones, with an average width of 11.3 + 1.2 nm. Using the
correction procedure for tip-fibril convolution (see “Atomic
force microscopy” in the Experimental section), the effective
corrected widths weg for the three sets of structures are as
follows: for “small size” ribbons, the weg is 2.8 + 0.3 nm; for
“medium” ones, the weg is 5.6 = 0.5 nm; and for “large” ones,
the wegr is 22.8 & 0.7 nm (see Table 1). It is important to note
that, as reported in Section 4.1.4, the thickness values remained
unaffected by the correction procedure.

As a whole, the observed formation of large and highly
extended ribbon networks suggests that these nanostructures
are the product of both multiple lateral and longitudinal
aggregation of elementary building blocks, e.g., as the observed
small protofibrils and nanofilaments, respectively, indeed may
self-assemble by diffusion on the surface.

In this context, the micrometer lengths observed for
“medium” and “large size” nanoribbons suggest that the
longitudinal growth is by far the most effective process, likely
depending on the surface features.

AFM results basically raise the crucial problem of unraveling
the factors driving the observed self-organization behavior, i.e.,

Table 1 Heights and widths obtained by AFM experiments for
(AcA4),KD at pH =11

Stripe set Height (nm) Widthe,, (nm) Width,g (nm)
Large 1.1 £0.1 31.7 £ 1.0 22.8 £ 0.7
Medium 1.1+ 0.1 145+ 14 5.6 + 0.5
Small 0.9 £ 0.1 11.3 £ 1.2 2.8+ 0.3

Nanoscale Adv., 2021, 3, 3605-3614 | 3607
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the very long, narrow and flat nanoribbon networks in the case
of (AcA,),KD and isolated, round-shaped, unstructured nano-
aggregates for AcA,D. In order to tackle this problem, detailed
molecular dynamics simulations have been performed.

2.2. Molecular dynamics simulations

The molecular dynamics simulation has been performed by
explicitly taking into account the peculiar evolution of the
dynamic ternary interface system formed by an initial liquid
thin film deposited onto the mica substrate, i.e., including the
water evaporation from the initially cast drop. Accordingly, the
whole process has been analyzed in three steps, the first one
dealing with peptide-peptide interactions in water and related
early aggregation processes; the second one simulating, by
means of a new original methodology, the evaporation process
of the solution film and the consequent progressive approach of
the early aggregates to the surface; and the last one taking into
account the dynamics of the peptides at the very interface with
the mica charged surface.

The simulation of peptide-peptide interactions in water, i.e.,
the first step, has been performed by considering for each
peptide non-interacting molecules, randomly inserted in the
simulation box. Several simulation runs have been performed
by varying the number of peptides in the box, to evaluate the
behavior of peptides upon increasing the concentration (see
Materials and methods above).

In particular, simulations involving up to 20 peptides for
AcA,D or 10 for (AcA,),KD showed that the peptides tend to
remain either isolated or to form small dynamic aggregates,
rarely containing more than 6 peptides. The formation of these
small aggregates is basically caused by the electrostatic repul-
sions between the charged groups on the C-terminus of the
biomolecules.

As the concentration increases, ie., by increasing the
number of molecules in the simulation box, different aggre-
gates are formed both for AcA,D and (AcA,),KD peptides. In
particular, indeed, AcA,D peptides form bigger aggregates of
almost round shape with negative surface charges (due to the
outward-oriented carboxylate oxygens), which hinder both the
further entry of charged peptides and the coalescence of nearby
aggregates. In general, the largest aggregates do not include
more than 22-24 peptides and their dimensions do not exceed
a diameter of 2 nm (Fig. 3A) for a simulation involving 30 to 50
molecules in the box.

Unlike the above case, for (AcA,),KD, when the number of
peptides in the box is higher than 10, the amount of molecules
assembling into aggregates starts to grow, finally involving, due

Fig. 3 Aggregates of 22 AcA4D (A) and 20 (AcA4),KD, lateral (B) and
longitudinal (C) views. In red are represented the carboxylate oxygens.
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to the balance between the electrostatic repulsion and hydro-
phobic effect, no more than 20-22 peptides in these larger
aggregates (Fig. 3B and C). In this case, a prolate shape (major
axis of about 6 nm and minor axis of about 2 nm) characterizes
the aggregates, with the negative charges more localized on
their lateral and external surface, whereas the intermolecular
interactions between the hydrophobic tails tend to concentrate
them inside the aggregates (Fig. 3B and C).

It is to be noted that in the case of (AcA,),KD, a substantial
contribution to the intermolecular interaction comes from the
laterally substituted lysine, absent in AcA,D. This fact implies that
the lateral chains are constrained to assume an asymmetric
orientation due to hydrogen bonds (HBs) and steric hindrance,
promoting the prolate aggregation for (AcA,),KD, instead of the
round-shaped one. This finding suggests that the largest prolate
aggregates are the asymmetrical “primary” building blocks, able
to create at first short nanofilaments and, finally, long nano-
ribbons, according to an alignment process along the longitudinal
direction favored by the presence of lateral negative charges.

The (AcA,),KD aggregates show also a remarkably high value
of the S function (S = 2.20 £ 0.06), due to the high relative
strength of hydrophobic intra- and intermolecular interactions
between the hydrophobic groups, which in turn reflects their
stronger compactness and stability.

Due to the above results, we have taken into account the
critical role played by the evaporation driving the “steady state
structure” of the peptide aggregates. In order to tackle this
problem, a new strategy of MD simulations, based on the
progressive removal of water molecules from the simulation
box, has been developed. It is noteworthy that during the first
step of the evaporation process, up to 100 ns of simulation, the
initially formed smaller aggregates for both peptides maintain
their identity and dimensions, remaining far apart from the
others, due to the presence of solvation water and repulsion of
the negative charges at the aggregate surfaces. These results
exclude any early coalescence of the initial small aggregates due
to the increase of peptide concentration in solution, because of
the evaporation process.

In this context, it is possible to follow, by calculating the S
values as a function of the evaporation time (Fig. 4A), the
different compactness and stability of (AcA,),KD and AcA,D

25 0
time (ns)

time (ns)

Fig. 4 (A) Trend of the S function vs. evaporation time for 20
(AcA4),KD (red) and 40 AcA4D (blue) molecules; (B) orientation order
parameter within aggregates formed by 20 (AcA4),KD molecules for
carboxylate oxygens (red) and C, atoms (blue). Error bars represent
standard deviations of five repetitions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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aggregates during their approaching and final landing on the
mica substrates.

As shown in the figure, for (AcA,),KD (20 peptides in the
simulation box) the S function remains constant during the
whole evaporation process, suggesting that the aggregates
maintain a compact and stable arrangement. This “stability” of
the S value does not imply, however, constancy in the overall
features of these aggregates. In fact, as shown in Fig. 4B, the
orientational order parameters of the carboxylate oxygens (fox)
as well as those of the C, atoms (f,) tend to decrease during the
evaporation, until the peptides come into close contact with the
mica surface (after about 100 ns). In detail, while the charged
groups are initially randomly distributed along the Z axis, as fox
is close to zero, near the surface they appear to be parallel to
mica (fox = —0.9). Similarly, the C,, atoms also undergo a shift
from an arrangement predominantly aligned along the Z axis (f.
~ 1) to a nearly perpendicular one (f. = —0.8).

On the other hand, in the case of AcA,D (40 peptides in the
simulation box), the aggregates tend to lose their compactness,
as shown by the sudden decrease of the S value with evapora-
tion, but still remain in the aggregated form (S > 1 always). A
careful inspection of the S trend for AcA,D peptides indicates
that the aggregate rearrangement occurs until peptides are in
closest contact with surfaces, and again after about 100 ns, the
aggregates remain compact for longer times.

It is important to note that for (AcA,),KD, at the end of the
evaporation process on average, f. is close to f,, indicating that
the aggregate is embedded in the remaining layer of water on
the mica surface (Fig. 5C and D).

Moreover, as shown in Fig. 5A and B, AcA,D aggregates on
mica are almost spherical in shape with the hydrophobic
groups inside and the charged ones homogeneously distributed
at the outer surface.

All these results rule out the formation of peptide multilayers
on mica, in excellent agreement with the experimental AFM
data (see above), rather forming different species of aggregates
with an average thickness of about 1-2 nm (Table 1).

An analysis of the water residence times (t) during the
evaporation process supports the above reported results. This

B i 'sﬁ%ﬁ‘;‘fa “ D :
%ﬂfﬁ%ﬁ“’ |

G
@

Fig. 5 Top view (A) and side view (B) of aggregates at the end of the
evaporation process of 40 AcA4D; top view (C) and side view (D) of 20
(AcA4),KD. The spheres represent the carboxyl oxygens of the Asp
residue and C terminal groups (red) and the Na* atoms (blue).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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analysis takes into account that at the beginning of the evapo-
ration process, both AcA,D and (AcA,),KD peptides are mostly
localized at the water-air interface and in bulk solution, while
only very few molecules are positioned nearby the mica surface,
with a slight predominance of AcA,D molecules (data not
shown).

Hence, one expects that the residence time of the water
molecules nearby the mica surface is influenced by the evapo-
ration process, as it induces the progressive increase of
concentration at the mica surface. Accordingly, we have evalu-
ated the t values of water molecules in the first and second
layers (each 4 A thick) on the mica surface as a function of
evaporation times (see Fig. 6). It appears clearly that mica has
an important effect on “freezing” the water molecules. In fact,
the values of t for both the peptides are in the range of about
110-150 ps within the first layer (up to 4 A) and about 40-60 ps
within the second layer (from 4 to 8 A) from mica, while the
average permanence residence time of “free” water molecules
(i.e., in bulk solution) is about 4-5 ps (as obtained by simulating
a system constituted by only water molecules without the
peptides and mica).

It is also to be noted that in the case of AcA,D, the water
residence time is always slightly greater than the one observed
for (AcA,),KD. This effect can be explained in terms of the slight
loss of the AcA,D aggregate compactness, seen above, which in
turn leads to a greater structuring of the surrounding water
molecules, with respect to the water organization for the highly
stable (AcA,),KD aggregates. In this context, unlike for
(AcA,),KD, water molecules are found also inside AcA,D
aggregates, suggesting the occurrence of a higher cage effect of
water for AcA,D (data not shown).

Finally, at the end of the evaporation (i.e., at a constant
number of water molecules in the simulation box), it is found
that the large (AcA,),KD aggregates, landed on mica surfaces,
can diffuse through the surface, with a diffusion coefficient (D =
2.9 4 0.1 um?* s~ ) prompted by the residual water film adsorbed
on the mica surface.

More important, the MD simulation showed that these
diffusional movements lead, on a sufficiently long time scale, to
the formation of highly asymmetric linear ribbon-like

160
T, (pS)

120 |-

0 50 100 150 200 250 300
time (ns)

Fig. 6 Residence time (z) values of water molecules in the first and
second water layers, up to 4 A (continuous lines) and 8 A (dotted lines)
from the mica surface, respectively, during evaporation of AcA4D
(blue) and (AcA4),KD (red) solutions. Error bars represent standard
deviations of five repetitions.
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aggregates, in agreement with the AFM findings, with dimen-
sions progressively evolving from the initial nanometer to
micrometer length. Indeed, Fig. 7 shows how elongated
(AcA,),KD aggregates (which we indicate here as “nanofila-
ments”) can be formed when the prolate, compact “building
blocks” formed in solution (see above), upon lying on the mica
surface, join with each other by their short sides, with a propa-
gating add-on mechanism able to form micrometer-long-
ribbons constituted by a large number of prolate building
blocks. The proposed mechanism may thus satisfactorily
explain the formation of the peculiar micrometer long ribbons,
characteristic of (AcA,),KD peptides, experimentally observed
by means of AFM (see above, in the Experimental section).

MD simulations also allow accounting for the “width fami-
lies” of the ribbons experimentally observed by AFM. Indeed,
the factors involved in the mechanism for the longitudinal
growth are also valid for the lateral aggregation.

Indeed, the negative charges of the (AcA,),KD aggregates,
mainly positioned on the longer lateral moieties of them, are
shielded by the Na" present in the water, which can thus mediate,
by means of electrostatic interaction, a limited further lateral
alignment of the single and multiple nanofilaments to form the
final nanoribbons. As shown, in Fig. 8, indeed, the larger exper-
imental width value (22.8 + 0.7 nm) is consistent with the
alignment of 4 nanofilaments. Finally, it must be stressed that
the overall MD results for AcA,D peptides are in nice agreement
with the fact that, unlike the (AcA,),KD case, ribbon-like struc-
tures were not experimentally observed (Section 2.1).

Overall, the formation of nanoribbon networks could be
basically described as resulting from an interplay between
entropic and enthalpic effects arising from the release of the
water molecules involved in the cage structure around the
hydrophobic groups. The removal of the water molecules favors
the approaching of building blocks, improving the interaction
between the hydrophobic parts of the peptides (hydrophobic
effect). Furthermore, such water molecules could improve the
enthalpy contribution due to their transfer in an environment
containing Na' ions and charged carboxylates.

In addition, electrostatic interactions between the charged
heads of the interacting peptides, as well as the apparent
“confinement” of sodium ions involved in attractive charged
bridges between nanofilaments, must be taken into account.

Therefore, the overall assembly process implies the match-
ing of thermodynamic state functions, influenced by the

Fig. 7 Formation of a nanofilament by aggregation of two “building
blocks” of 20 (AcA4),KD on mica.
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21 nm

Fig. 8 Top view of the alignment of nanofilaments, forming large
nanoribbons for (AcA4),KD.

presence of the solid-liquid interface, which appears as the
stabilization factor of the most ordered long-term equilibrium
state, depending on the respective molecular structure.

3. Conclusion

The paper deals with the striking difference between the
mesoscopic self-organized structures of two similar peptides,
i.e., the “double tail” (AcA,),KD and “single tail” AcA,D,
respectively, forming in the first case very long and linear
ribbon-like structures and in the second one isolated and
unstructured round-shaped aggregates.

In particular, the present paper is focused on the multistep
process of formation of the experimentally observed long-range
nanoribbons for the “double tail” (AcA,),KD peptide. Indeed,
this self-assembling process is shown to involve at first the
formation of unstructured “primary” round-shaped aggregates,
which in turn form short and narrow linear assemblies (i.e.,
nanofilaments), which are the building blocks to finally yield
micrometer long nanoribbons. It is important to point out that
while the formation of unstructured “primary” round-shaped
aggregates occurs for both peptides, only the “double tail”
systems are able to evolve up to long range self-organized
structures, including networks of nanoribbons.

In detail, the progressively more complex structures of
“double tail” peptides appear to be strictly connected to the
peculiar features of the dynamic ternary air/liquid/substrate
interface, due to the water evaporation process from the ultra-
thin films of the peptide solution cast onto the solid mica
substrate. In this dynamic framework, indeed, the diffusional
motion of the primary aggregates and nanofilaments is the
assembly leading factor.

The formation of the primary aggregates and the further
growth of long range assemblies obey to an entangled entropic
and enthalpic effects due to the interaction of hydrophobic
parts and of strong electrostatic interactions between the
charged heads of the peptides, during the formation of larger
aggregates. These interactions cause a concomitant decrease of

water molecules involved in the cage structure and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a rearrangement of sodium ions involved in attractive, posi-
tively charged interchain bridges between nanofilaments.

4. Experimental methods

4.1. Materials

The solid support resin HMP was purchased from Applied
Biosystems (Waltham, MA, USA). The Fmoc protected amino
acids were from Novabiochem (Merck Millipore, Burlington,
MA, USA). The coupling reagents HBTU and HOBt were from
Novabiochem. DIEA, DMAP and piperidine were from Biosolve
(Leenderweg, Valkenswaard, The Netherlands). Triethoxysilane
(TES), DCC and TFA were from Sigma-Aldrich (Steinheim, Ger-
many). Solvents such as DMF, N-methyl-2-pyrrolidone (NMP),
and DCM were from Biosolve.

4.1.1. AcA,D amphiphilic peptide synthesis. The peptide
AcA,D (sequence: Ac-Ala-Ala-Ala-Ala-Asp-OH) was synthesized
on an acid labile resin (0.25 mmol of HMP, 0.60 mmol g *,
Applied Biosystems) using Fmoc chemistry and a Syro I
synthesizer (MultiSynTech). The side chain protecting group for
the Asp side chain was O¢Bu. The loading of the first amino acid
was carried out using a double coupling with symmetric anhy-
dride (10 eq. of Fmoc-Asp(OtBu)-OH, 1 mL of DCC/NMP solu-
tion (1 M), 0.1 eq. DMAP). The other amino acids were inserted
with double couplings using HBTU/HOBt as the condensation
agent. After Fmoc-deprotection of the last amino acid, the
peptide was acetylated on the resin by addition of 10% v/v acetic
anhydride in NMP for 10 min. The cleavage of the peptide from
the solid support, along with the deprotection of the Asp side-
chain, was carried out using TFA/H,O/TES (95 : 2.5 : 2.5; v/v/v)
for 90 minutes at room temperature and under magnetic stir-
ring. The crude product was precipitated with ethyl ether,
filtered, dissolved in water and lyophilized. The purification was
initially carried out using a Delta Pak column (Waters, 15 um,
100 A, 7.8 x 300 mm) under the following conditions: eluent A,
0.05% TFA in water; eluent B, 0.05% TFA in acetonitrile;
gradient, 2% B for 15 min, then from 2% B to 6% B in 16 min,
flow rate, 4 mL min~'; detector at 214 nm. The purified product
was characterized through analytical reversed-phase (RP)-HPLC
and the resulted homogeneity was 96.3% under the following
conditions: column, Luna C;g (5 pm, 100 A, 4.6 x 250 mm,
Phenomenex), flow rate 1 mL min~"; eluent A, 0.05% TFA in
water; eluent B, 0.05% TFA in acetonitrile; gradient, from 5% B
to 15% B in 20 min; detector at 214 nm. Its retention time was
22.13 min. ESI-ToF mass analysis (Mariner Applied Biosystems
System 5220) confirmed the identity of the product (theor.
mass: 459.46 Da, exp. mass: 460.21 Da). Capillary electropho-
resis (Applied Biosystems 270 E) analysis clearly revealed the
presence of a secondary product, whose presence affects the
purity grade of the target peptide (93.18%). The capillary elec-
trophoresis analysis was carried out under the following
conditions: a fused-silica capillary of 72 cm; buffer, 50 mM
phosphate buffer pH 7; temperature, 30 °C; voltage, 15 kV;
detector, 214 nm. Consequently, a further purification step was
necessary. The peptide, previously purified through RP-HPLC,
was loaded onto an anion exchange column (AP-1, 8 um, 1000
A, 10 x 100 mm, Waters) under the following conditions: eluent
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A, 20 mM Tris HCI buffer, pH 8.3; eluent B, 20 mM Tris HCI, 1 M
NacCl buffer, pH 8.3; gradient, 100% A for 20 min, from 0% B to
100% B in 50 min; detector, 214 nm. After desalting, the puri-
fied peptide showed a homogeneity of 100%.

4.1.2. (AcA4),KD amphiphilic peptide synthesis. The
peptide (AcA,),KD (sequence: (Ac-Ala-Ala-Ala-Ala),-Lys-Asp-OH)
was synthesized on an acid labile resin (0.25 mmol of HMP,
0.60 mmol g~ ', Applied Biosystems) using Fmoc chemistry and
a Syro I synthesizer (MultiSynTech). The side chain protecting
groups were as follows: Fmoc, Lys; OtBu, Asp. The loading of the
first amino acid was carried out using a double coupling with
symmetric anhydride (10 eq. of Fmoc-Asp(OtBu)-OH, 1 mL of
DCC/NMP solution (1 M), 0.1 eq. DMAP). The other amino acids
were condensed through double couplings using HBTU/HOBt
as the condensation agent. After Fmoc-deprotection of the last
amino acid, the peptide was acetylated on the resin by addition
of 10% v/v acetic anhydride in NMP for 10 min. The cleavage of
the peptide from the solid support, along with the deprotection
of the Asp side-chain, was carried out using TFA/H,O/TES
(95:2.5:2.5; v/v/v) for 90 minutes at room temperature and
under magnetic stirring. The crude product was precipitated
with ethyl ether, filtered, dissolved in water and lyophilized. The
purification was initially carried out using a Delta Pak column
(Waters, 15 um, 100 A, 7.8 x 300 mm) under the following
conditions: eluent A, 0.05% TFA in water; eluent B, 0.05% TFA
in acetonitrile; gradient, 100% A for 10 min, from 0% B to 3% B
in 3 min, from 3% B to 15% B in 36 min, from 15% B to 30% B in
15 min, from 30% B to 35% B in 15 min; flow rate, 4 mL min~%;
detector at 214 nm. The purified product was characterized
through analytical RP-HPLC and the resulted homogeneity was
73.23% under the following conditions: column, Luna C;5 (5
pm, 100 13, 4.6 x 250 mm, Phenomenex), flow rate 1 mL min™%
eluent A, 0.05% TFA in water; eluent B, 0.05% TFA in acetoni-
trile; gradient, from 5% B to 20% B in 30 min; detector at
214 nm. Its retention time was 25.20 min. ESI-ToF mass analysis
(Mariner Applied Biosystems System 5220) confirmed the
identity of the product (theor. mass: 913.97 Da, exp. mass:
913.46 Da). Capillary electrophoresis analysis clearly showed
the presence of a secondary product, whose presence affects the
purity grade of the target peptide (84.86%). The capillary elec-
trophoresis (Applied Biosystems 270 E) analysis was carried out
under the following conditions: a fused-silica capillary of 72 cm;
buffer, 50 mM phosphate buffer pH 7; temperature, 30 °C;
voltage, 15 kV; detector, 214 nm. Consequently, a further puri-
fication step was necessary. The peptide, previously purified
through RP-HPLC, was loaded onto an anion exchange column
(AP-1, 8 um, 1000 A, 10 x 100 mm, Waters) under the following
conditions: eluent A, 20 mM Tris HCI buffer, pH 8.3; eluent B,
20 mM Tris HCI, 1 M NaCl buffer, pH 8.3; gradient, 100% A for
20 min, from 0% B to 100% B in 50 min; detector, 214 nm. After
desalting, the purified peptide had a homogeneity of 98.66%.

4.1.3. Amphiphilic peptide adsorption on the surface. The
amphiphilic peptide consists of nonpolar residues (Ala), one
acid residue (Asp), and one basic residue (Lys). The peptide
solutions have pH values of 5.37 and 6.04 at 25 °C for AcA,D and
(AcA,),KD, respectively. The N-terminus was acetylated to avoid
positive charges in the tail region. The critical aggregation

Nanoscale Adv., 2021, 3, 3605-3614 | 3611
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concentrations for these two peptides are about 0.5 mM and
0.8 mM for AcA,D and (AcA,),KD, respectively (as determined by
DLS experiments).

The concentration used for the self-organization on surfaces
is about 10~ M. The peptide solution was incubated on mica for
30 minutes at pH = 11. After that, the peptide solution was
removed and the samples were dried in air. Afterwards the
samples were investigated by atomic force microscopy in
tapping mode in air.

4.1.4. Atomic force microscopy. AFM measurements were
carried out with a commercial Nanoscope IIIA-MultiMode AFM
(Digital Instruments, Santa Barbara, CA, USA) in tapping mode.
Morphological (height) and phase images were recorded under
ambient conditions. The force was maintained at the lowest
possible value by continuously adjusting the set point during
imaging. Images were recorded using 0.5-2 Q cm '
phosphorus-doped (n) silicon tips mounted on cantilevers with
a nominal force constant of 40 N m~ ' and a resonant frequency
of 300 kHz. Images were collected at a scan rate of 1.5 Hz and at
a scan angle of 0°. Measurements were made at least three times
in each case in the middle area of the sample, and representa-
tive images are shown in this paper.

The actual dimensions of the assembled peptide structures
were calculated from the raw data by taking into account the
tip-sample convolution effects, according to the Canet-Ferrer
method,* under the assumption that the tip radius is larger
than the structure height. All width and height measurements
were performed along two cross sections of each assembled
structure in a 1 x 1 pm?® imaging area and the average and
standard deviation were reported for all the samples (see
below).

In particular, the AFM raw data were corrected by taking into
account the tip-fibril convolution effects, which arise from the
finite dimensions of the AFM tip which determine the extension
of the surface area interacting with it. The correction procedure
is based on the assumption that the AFM measurements
depend essentially on the tip radius and the height & of the
object.” In the present case, we have used a model specifically
defined for flat structures, as indeed are the observed peptide
ribbons. In particular, rectangular shaped ribbons have been
considered, with the tip radius being much bigger than the
height. This yields the following correction (eqn (1) and (2)):

! =4+ ! )]

2 Weff

2Wexp

. i — N
4 = ry, cos| sin”' Tip 71 (2)
rtip

where weg is the effective corrected width, we,,, is the apparent
experimental value of width, 7 is the height of the nanometric
structure and ryp, is the tip radius.

4.1.5. MD simulation. The starting point of the bulk MD
simulations was an 8 x 8 x 8 nm® simulation box with
randomly located peptides (from 10 to 100 and from 20 to 200 in
the case of (AcA,),KD and AcA,D, respectively) and 16 000 water

with
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molecules. After solvating, Na' ions were added to neutralize
the peptide charges.

The evaporation process was simulated, starting from the
final steps of the above reported simulations, doubling the box
dimension along the Z axis (that is the axis perpendicular to the
mica surface). A Montecarlo approach to remove water mole-
cules was used considering a probability directly related to their
distance from mica. It was obtained by eliminating, for each
step performed, a small percentage (not exceeding the 1.5%) of
the actual water molecules. Furthermore, a relaxation of 2 ns
(i.e. 10° MD steps) was performed for each step in order to bring
the system into a state of equilibrium. This procedure allowed
the end of the evaporation process to be reached in about 150-
200 ns, and consequently the remaining 150-100 ns refer to the
diffusion of the peptide aggregates together with Na' ions and
water solvation molecules on the mica surface.

The final number of the water molecules was obtained by
multiplying the number of peptides for the average number of
water molecules present in the first shell of solvation (20 for one
AcA,D, and 40 for one (AcA,),KD) plus 8 water molecules for
each Na' ion added in the simulation box.

The mica surface, placed at the bottom of the simulation
box, was reproduced according to a model consisting of a grid of
charged spheres so as to obtain a surface charge density equal
to the experimental value of —0.0217e A~%* and a Z Lennard-
Jones wall potential (¢ = 0.5 k] mol ", and ¢ = 0.4 nm) was
placed at the bottom of the simulation box.

Five repetitions of each simulation of 300 ns were
performed.

To evaluate the hydrophobicity the S function (eqn (1))** was
used, which quantifies the number of contacts between every
side chain heavy atom of hydrophobic residues (methyl of Ala
plus methylene of Lys in the case of (AcA4),KD). The function is
defined as (eqn (3)):

()
ro .
S szzl - (Q)m / (number of hydrophobic groups) (3)
To

where r; is the distance between the two groups i and j
belonging to different molecules, r, = 0.6 nm is the distance
value to consider that two groups are in contact, and m = 14 and
n = 6 are exponents that allow tuning of the smoothness of the
function.

The residence time (t) was obtained by calculating how long
the water molecules remain in a layer of assigned thickness
parallel to the surface of the mica.

The orientation order parameters, fox (for the carboxylate
oxygens) and f. (for C, atoms), have been obtained using 3 <
cos 2« > —1, where « is the angle that the vector, from the
center of mass to a given atom of the group considered, forms
with the Z axis. Therefore, if f = 0, then all the vectors are
randomly oriented with respect to the Z axis; in contrast, if f= 2
or —1, they are parallel or perpendicular to this axis,
respectively.

All the simulations were performed with software Gromacs,
version 5.1.2 (ref. 46) and with the force field gromos53a6,*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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modified with the atom types of the charged groups and atom
types of the wall potential (see above). The model for the water
molecule was SPC and a time step of 2 fs was used. Periodic
boundary conditions were applied only on the XY direction due
to the wall potential. A cut-off approach was used for both
Coulomb and van der Waals non-bonded interactions with the
Potential-shift-Verlet modifier with r., = 1.4 nm. The weak
coupling algorithm for our NVT simulation was a temperature
coupling velocity-rescale*® with a time constant of 0.6 ps and
a reference temperature of 300 K. No pressure coupling was
applied. All bonds were constraints using the LINCS constraint-
algorithm*® except during equilibration (time step of 0.5 fs) and
annealing steps. A freeze group was applied to the dummy
charges placed on the bottom in X, Y and Z dimensions.
Diffusion coefficients were calculated by means of the msd
GROMACS tool.
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