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ABSTRACT: We present a method based on atomic force microscopy
(AFM) to assess the work of adhesion between the interfaces of gold
AFM tips functionalized with three peptides derived from f-sheet
breaker LPFFD [CLPFFD-NH, (i;) and their isomers CDLPFE-NH,
(iy) and CLPDFF-NH, (i,)], and the beta-amyloid protein (Af;_s,). -
Amyloid protein was deposited onto a highly oriented graphite
(HOPG) surface as protofibrils and fibrils. The presence of the residues
Leu (L), Phe (F), and Phe (F), which are also present in the native
sequence, confirm that the peptides are able to bind to the aggregates
of Ap,_4, fibrils and protofibrils. Force of adhesion data were directly
obtained from the maximum force on retraction, and the work of
adhesion was calculated from the Jhonson—Kendall-Roberts model
(JKR-Model). Both the polar and dispersive contributions to the
surface energy of the peptides iy, i}, and i), as well as Af;_,, fibrils and

Ap fibrils

protofibrils, were determined by means of measuring the contact angle and using the two-fluid method. The macroscopic
energies of the functionalized gold surfaces do not differ significantly between isomers, which confirms the similar nature of the
peptides iy, i), and i, but suggests that the macroscopic measurements are not able to distinguish specific sequences. The
nanoprobe reveals a typical adhesion work value associated with the interaction of protofibrils with i, and i,; this value is three
times higher than that of i;. The difference is attributed to the hydrophobic nature of protofibrils, the predominant exposition of
hydrophobic residues of the peptides i, and i,, with respect to i}, and the degree of functionalization. iy and i, presented a slight
adhesion with Af fibrils, which is associated with the exposed hydrophilic groups of these fibrils (onto HOPG) compared to the
protofibrils. However, i; showed interaction with both Af fibrils and protofibrils. For this, we propose an explanation based on
the fact that the peptide i; locates itself adjacent to the gold surface of the probe, concealing their hydrophobic groups and
therefore decreasing the probability of interaction with Af fibrils and protofibrils. The peptide—gold nano probe represents a
useful tool to study the nanobiointeractions of functionalized nanoparticles with amyloid aggregates.

B INTRODUCTION

The intermolecular forces acting at interfaces on a nanometer
scale play a key role in a wide range of chemical, biological, and
physical processes,' > including chemical and physical
absorption, wetting, wear, catalysis, adhesion, and cell
recognition. The interactions involved, especially when
measured in a liquid environment, can be mostly explained in
terms of van der Waals forces, electrostatic Coulombic
interactions, solvation forces, and hydrogen bonding."** The
use of thiol chemistry and the strong covalent S—Au bonding
allow for the formation of self-assembled monolayers with
different functionalities on gold-coated cantilevers. Thus, the
interaction forces between a chemically derivatized surface and
the tip are directly related to their respective chemical
composition. Hence, this methodology, referred to as chemical
force microscopy, has been applied to study the interactions
between proteins and ligands. When the surface, the tip, or
both surfaces are functionalized with an ionizable group, the
method has been referred to as force titration.’ Force
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spectroscopy (FS), based on atomic force microscopy
(AFM), has also been developed and can be applied to study
different processes in proteins,7 especially in the single-
molecule mode using functionalized tips. Through the
application of single-molecule testing methods, it has been
possible to obtain important insights into various biomolecular
systems that would be otherwise unavailable.”~® A noteworthy
application of this method is the study of the mechanical
properties of the f-amyloid protein using single-molecule
manipulation approaches,'® which can be relevant to under-
stand the molecular basis of Alzheimer’s disease (AD). The AS
peptide is the most common cause of dementia, which affects
more than 34 million people worldwide. It is characterized by
the presence of dense extraneuronal protein deposits (amyloid
plaque) and intraneuronal fibrous features (neurofibrillary
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tangles)."" Amyloid plaques are formed by a wide variety of
substances with Af as the main constituent. The aggregation of
Ap is closely related to neurodegeneration and the develop-
ment of AD."" The use of a synthetic AS has facilitated i vitro
assays and the study of the complex aggregation/antiaggrega-
tion processes. Lesne'" and Cohen'” have reviewed commonly
used techniques in the study of amyloid self-assembly and
described their limitations. Previously, we have also reported
the value of AFM and transmission electron microscopy
(TEM) for qualitative kinetic purposes'> when examining
morphological development over time. Nanoparticles can
influence fibrillation processes of amyloids, depending on the
particle size and surface functionality.'* Amyloid fibrillation is
accelerated by different nanomaterials as carbon nanotubes,
cerium oxide,'® TiO, nanoparticles,'® polymer-coated quantum
dots,'” 1polymer particles, anionic gold nanoparticles
(AuNP),"™" anionic quantum dots,*® a-synuclein-function-
alized quantum dots, and peptide-functionalized ferric oxide
nanoparticles.”' In contrast, retardation of amyloid fibrillation
has been reported for hydrophobic polymer nanosparticles,22 N-
acetyl-lcysteine-capped CdTe quantum dots,™ thioglycolic
acid-capped CdTe quantum dots,** dihydrolipoic acid capped
CdSe/ZnS quantum dots,” and fetal-bovine-serum-coated
graphene oxide.”® Thioflavin S-conjugated graphene oxide has
been used to dissolve amyloid fibrils under photothermal
conditions.”” Anionic AuNP and curcumin AuNP have also
been shown to induce fibril dissociation.”®*’

In our group, we conjugated a peptide derived from the
sequence LPFFD-NH,, which is a well-known p-amyloid
aggregation inhibitor and a fibril disruptor designed by Soto
et al.”” to spherical AuNP or to gold nanorods to destroy Af
aggregates by using microwaves or photothermal conditions,
respectively.’*> The designed peptide LPFED is derived from
the original sequence of Af which contain amino acids 17—20
(LVFF) in the central hydrophobic region in the N-terminal
domain which served as a design template for the f-sheet
breaker peptide LPFFD. Amino acid substitutions in this region
of Af substantially alter the peptide conformation and its
capacity to produce fibrils; therefore, this small fragment could
block the aggregation process.>®

The aforementioned findings related with the use of
nanoparticles for disaggregation of amyloids suggest that a
nanoparticle-based approach might be a promising option for
the treatment of various neurodegenerative diseases. However,
although the effects of nanoparticles are well documented their
nanobiointeractions with amyloids are not well understood.
This is crucial to control the effects of functionalized
nanoparticles on f-amyloid aggregates, which is very relevant
for the reliable use of nanoparticles for diagnosis and therapy of
AD.

In a previous study, we explored surface charge presence and
peptide conformation on AuNP functionalized with CLPFFD-
NH, (i), and with their isomers CDLPFE-NH, (i,) and
CLPDFF-NH, (i,), using several methodologies including the
colloidal probe technique.*** In the case of i;, the peptide
molecules are positioned horizontally on the surface exposing
all groups to the environment. In the case of i, and i), the
peptide molecules extend nearly orthogonally to the surface
that exposes the aspartic polar residue D and the phenylalanine
residues F (i,), respectively. These features of the peptide
molecules on the surface of AuNPs can be used to design
tailored nanoprobes that combine atomic force measurements
with gold tips functionalized with three distinct peptides. Here,
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we show the benefit of using nanoprobes to study the adhesion
or affinity of molecules that interact with Af, which is useful
information to explain the interaction of nanoparticles with
amyloid aggregates. This article aims to characterize the
interaction of peptide functionalized AuNPs with AB. To
mimic such interactions, we assess the force of adhesion
necessary to pull AFM tips, of 30 nm radius functionalized with
peptides (iy, iy, i), from a nanometric film formed by either A
fibrils or protofibrils. In order to compare our results with the
macroscopic measurements of interaction involved in such
interfaces, we first determined the average surface energy
through the wetting angle method and two fluid methodology.
We determined the polar and dispersive contributions to the
surface energy of f-sheet breakers onto a gold substrate, as well
as Ap fibrils and protofibrils onto a highly ordered pyrolytic
graphite (HOPG) substrate. The macroscopic energies of the
functionalized surfaces did not differ significantly between
isomers, confirming the similar nature of the isomeric peptides
but suggesting that the macroscopic measurements do not
distinguish their particular sequence.

In turn, the nanoprobe method along with the Jhonson—
Kendall-Roberts model (JKR-Model)® revealed values of
adhesion work, associated with the interaction of protofibrils
with i, and i,. We showed that these values are three times
higher than those of i;. We attributed this difference to the
hydrophobic nature of protofibrils and the predominant
exposition of the hydrophobic residues of iy, and i, as the
peptides are positioned orthogonally to the surface, whereas in
i} the hydrophobic groups are adsorbed on the gold surface.
Peptides iy and i, presented a slight adhesion with Af fibrils,
which is associated with the hydrophilic nature of these fibrils
(onto HOPG) with respect to protofibrils. However, i; revealed
a non-negligible work of adhesion with both Ap fibrils and
protofibrils.

Thus, our findings demonstrate that peptide sequences affect
the interaction of the AuNP peptide conjugate with A fibrils
and protofibrils. The peptide sequence, the steric effects, and
the charge and disposition of hydrophilic and hydrophobic
residues are important parameters for nanobiointeractions. In
addition, the force of adhesion of the nanoparticles to the AS-
fibrils on the surface can be significantly affected by the fibril
orientation, decreasing their efficiency in potential biomedical
applications such as drug delivery and localized heating
treatment.

B EXPERIMENTAL METHODS

Growth of Ap,_,, Fibrils. Ap,_,, ultrapurified in HFIP
(1,1,1,3,3,3-hexafluoro-2-propanol; 99,8) was obtained from r-Peptide
Company (Bogarta, CA). Initially, a 0.05 mg aliquot of the product
was resuspended in 200 uL of HFIP and lyophilized overnight. The
resulting mass of Aff|_,, peptide monomers was then dissolved in 7.5
puL of 1 mM NaOH and 12.5 uL of 10 mM NaOH. Then, 90 uL of 20
mM phosphate buffer, pH 7.4 (0.1 M NaH,PO, and 0.1 M Na,HPO,)
was added, which resulted in a final concentration of 92 uM Af,_,,
monomer. All solutions were freshly prepared using ultrapure Milli-Q
water (Diret-Q Millipore system) and filtered through a 0.2 um
cellulose acetate filter. Subsequently, the solution was incubated at 37
°C for 20 h in an Eppendorf Thermomixer Comfort incubator. The
same protocol was used to prepare Af},_,, protofibrils; however, the
temperature and the incubation times were adjusted to 25 °C and 24
h, respectively.

AFM Imaging. An aliquot of the final Af,_,, fibril solution was
adjusted to pH 9 using 0.IM NaOH. NaCl was added to attain a salt
concentration of 140 uM. For air images, this sample was deposited
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onto freshly cleaved HOPG for 15 min, and the surface was washed
with 20 mM phosphate buffer to remove excess of Af,_,, fibrils.

AFM imaging of samples and adhesion force measurements were
carried out using a NanoScope IIla Multimode atomic force
microscopy device with scanner types “E” and “J”, from Digital
Instruments Inc.,, California. Silicon nitride cantilevers, TR400PB
models (Asylum Research Inc.), were used, with gold coating on both
the tip and the reflected side, and a spring constant of approximately
0.05 N/m. Images in fluid were taken using the Fluid Tapping Mode
with a tapping frequency ranging from 7 to 9 kHz, an image resolution
of 256 X 256 pixels, and a scan rate of 1 Hz. For air tapping mode, the
tapping frequency ranged from 70 to 75 kHz, and the scan rate was 1
Hz with an image resolution of 512 X 512 pixels.

Cantilever Functionalization. Gold coated silicon nitride canti-
levers were functionalized with each isomer as follows: first, the
cantilever was submerged in newly prepared piranha solution at 30%
dissolution (H,0,/H,SO,, 1/3 in volume) for S min. The cantilever
was then washed in abundant Milli-Q water and dipped in the
correspondent isomer solution of 100 nM concentration for several
seconds. Longer periods of contact between the naked gold cantilever
and the isomer solution did not significantly change our results.

Force Measurements. In order to measure force adhesion in
HOPG, Apf;_4, fibrils, and protofibrils, samples were prepared
following AFM imaging methodology. The peptide functionalized
gold cantilevers were prepared as previously explained and used
immediately after functionalization. The spring constant of function-
alized cantilevers was determined by thermal noise methodology prior
to functionalization.>® Post-experimentation, the elastic constant of the
cantilevers did not change significantly. Radii of curvature of the
functionalized tips were determined by analysis of scanning electron
microscope (SEM) images and ranged from 30 to 37 nm. To ensure
regular or total cover of either fibrils or protofibrils on the surface, a
low resolution image scan was performed before each session of force
curves acquisition. This inspection was performed in a fluid
environment and allowed one to select well covered regions for
adhesion evaluation. Withdraw force data were obtained automatically
in a 10 X 10 grid and taken at 50 nm steps, for both columns and rows,
with a scan rate of 0.3—0.6 Hz. Each force curve was recorded by
sensing the cantilever deflection due to the sample tip interaction. At
each point of the grid, a single force curve is obtained, which provides
100 data points curved by a grid. This force acquisition procedure was
repeated for a minimum of 8 grids, which provided us with enough
data to obtain representative statistics of the adhesion force.

Contact Angle Measurement. Sample preparation for contact
angle measurements was achieved as follows.

Fibril and Protofibril Substrate Preparation. A 100 uL aliquot of
the corresponding Ap;_,, fibril or protofibril sample was deposited
onto a freshly cleaved HOPG surface and left to dry overnight.
Afterward, the surface was washed by depositing 300 L of Milli-Q
water on the surface for 1 h to ensure total dilution of the remaining
salt.

Gold Substrata Preparation. For gold surface preparation,
commercial silicium wafers were used as primary substrata. Small
pieces (12 X 12 mm?) cut from wafers are first cleaned with abundant
isopropanol and maintained under piranha solution (H,0,/H,SO,, 1/
3 in volume) for 24 h to remove organic residues. Abundant Milli-Q_
water and clean nitrogen were used for substrata rinsing and drying,
respectively. To improve adhesion, metal evaporation performed at
1078 bar is used to deposit a thin chrome layer (1—2 nm thick). The
resulting gold layer, 60—70 nm thick, is immediately deposited using
the same procedure. Gold layer roughness was about 1 nm. The
quoted value of roughness corresponds to the variance of the surface
height calculated directly from the profiles provided by AFM images of
4 X 4 um” area. Typical lateral size of roughness is about 70 nm.

Gold Surface Functionalized with (iy) and with Their Isomers (i;)
and (). Immediately after gold deposition, gold substrata were
washed in abundant Milli-Q water and dipped into the corresponding
isomer solution of 100 nM concentration for about 30 s. Abundant
Milli-Q water and clean Nitrogen were used for substrata rinsing and
drying, respectively.
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Contact Angle. Immediately after the deposition of Af fibrils/
protofibrils or functionalization with peptides, a 0.5 uL droplet of
either Milli-Q water or diiodomethane was set in the center of the
HOPG or gold samples Lateral images of droplets were digitally
captured using a 10X optic fiber microscope for assessment of contact
angles and further analysis by computer software.

B RESULTS AND DISCUSSION

Imaging Protofibrils and Fibrils on a HOPG Substrate.
As previously described, for protofibril formation, Af,_,,
samples were incubated for 24 h at 25 °C and deposited
onto a freshly cleaved HOPG substrate. Control images were
instead obtained in both air and fluid environments using the
tapping mode, although they do not differ significantly. While
tapping mode in air produced better quality images, tapping in
fluid proved very useful to ensure control sample homogeneity
prior to the nanoprobe assay. In air, protofibrils are observed at
relatively low magnification to be organized in regular patches
(Figure la). However, higher magnifications reveal the

Figure 1. Control images illustrating the coverage of Af; 4,
protofibrils and fibrils at different amplifications. Upper panels a and
b: Ap,_, protofibrils. Lower panels ¢ and d: Ap,_,, fibrils as seen by
an atomic force microscope.

occurrence of protofibril structures which tend to align
regularly, forming bundles of several units (Figure 1b).
Occasionally, straight protofibrils oriented in 6-fold symmetry
were distinguished on the film. It is suggested that this kind of
pattern is a result of the crystal structure of graphite that would
act as a template to orient certain molecules along three
directions at 60° to one another.’” Such template-directed
assembly induced by the hexagonal graphite lattice has also
been described for the f-sheet containing de novo designed
protein.38

Relatively higher temperatures favor fibril development;
therefore, samples were incubated for 24 h at 37 °C. Abundant
fibrils with a mean width of 11.4 + 0.8 nm (30.1 + 7.7 nm
before deconvolution) and height of about S nm were observed
in Af,_,, preparations; see Figure lc and d. Examples
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Table 1. First Two Columns Indicate the Average Contact Angle for Water and Diiode-methane, Respectively, while the Two
Last Columns to the Right Indicate the Work of Adhesion of the Substrata and Water and Diiode-Methane, respectively

contact-angle
=

adhesion-work

water diiode-methane deg m]/ m* water diiode-methane
86 + 3 21 + 4 HOPG 77(62.6*") 98.2(97.9*")
40+ S 40 +2 HOPG-Ap 127 89.7

S7+5S 33+3 HOPG-protofibrils 111 93.4

89 +3 25 +2 Au/iy 73.3 96.8

89 + 4 15+2 Au/iy 73.3 100

90 + 3 20+ 3 Aul/i, 72 98.5

demonstrating dense coverage of fibrils, as illustrated in Figure
1d, were selected to assess local adhesion.

Surface Adhesion: Contact Angle Method. Several
techniques have become widely used to assess the surface
energy for various materials; these are based on the
measurement of the wetting angle made by different fluids
with the surface under investigation. In terms of polar
interactions, both the advantages and disadvantages of such
methods, as well as their domain of applicability, have been
discussed recently by Carré.*® The polar and dispersive
contributions of inorganic materials interacting with high
energy surfaces have been investigated by Ho Cho™ using
two fluids of well-known polar and dispersive components.
Additionally, Wang*' presents a similar method for the
assessment of the adhesion work of graphene and graphite.

For a macroscopic characterization of the interaction
between the surfaces functionalized with peptides and Ap
fibrils and protofibrils, we applied the two fluids method. We
use as testing fluids water and diiodo-methane. This choice
provides both the polar and the dispersive contribution of the
surfaces involved in our investigation. To write some useful
relationships, we assume the same conditions as those given by
Young’s equation. Therefore, the contact angle, f;, relates to
the surface energy as,

ys = }/SL + ]/LCOS 93L (1)

where the subscripts S and L indicate the solid and the fluid
surface, respectively. The work of adhesion is the decrease in
the Gibbs free energy per unit area when two new surfaces are
formed while the interfacial area disappears. The equation for
the adhesion work of a solid surface in contact with a liquid is
as follows:

Wao=v+rn-—rY (2)
Combining eq 1 with eq 2 we obtain
Wy, = 7,(1 + cos Os1) (3)

which relates the work of adhesion to the contact angle. The
average contact angles for the substrata of interest were
measured, and the results are summarized in Table 1. The work
of adhesion obtained from eq 3 is also presented in Table 1.
Conversely, for low energy surfaces it is suitable to express
the work of adhesion as the geometric means of the dispersive
component of the surface energies. An analogous geometric
mean can be employed to account for the polar component,
which leads to
= P, p d,d
VVIZ_Z 7/1}/2 +2 }/172 (4)
where we assumed that y, = ¢ + y¥, with i = 1,2. Our testing
fluids (water and diiodo-methane) are labeled as (W) and (D),
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Table 2. Dispersive and Polar Contributions of the Substrate
Investigated in the Present Work”

surface energy (mJ/m?) y=y+y 7 7 Yow
water (W) 71.8 21.8 50
diiode-methane (D) 50.8 50.8 0
HOPG 48.5(54.8*") 47.5 1 43.3
HOPG-Ap 63 39.6 23.4 2.3
HOPG-protofibrils 56.1 43 13.1 16.9
Aul/iy 46.7 46.1 0.6 454
Aul/i; 49.4 49 0.4 47.4
Aul/i, 48.3 47.8 0.5 47.6

“The first two rows indicate the dispersive and polar contributions of
the reference fluids used for testing energy surfaces. The last column
indicates the values of solid—water surface energy, 7,, as calculated
from eq 1.

and their polar and dispersive contributions are summarized in
Table 2. Moreover, in the two fluid method, combining eq 3
with eq 4, a set of two equations can be written:

i d
Y (1 + cos Ogy) = 2. nbrd + 2477

dd
Yp(1 + cos Osp) = 2./vrE + 24757s 6)

where S generically represents a specific solid surface. In the
following, we extracted the polar and dispersive components of
distinct peptides, as well as of Af protein, from eqs S and 6.
The results, which are summarized in Table 2, indicate that the
peptide functionalized gold surface is similar to naked HOPG
with respect to polar and dispersive components. It seems that
in this type of peptide surface the interaction is dominated by
the dispersive component only. Interestingly, polar and
dispersive components do not differ between peptides,
probably due to the similar structure of peptides regardless of
their conformation and sequence. In turn, for A surfaces (Af
onto HOPG) while the dispersive component remains of the
same order, the polar component becomes about one-half of
the dispersive one. Similar behavior is observed for protofibril
surfaces, although the polar component is slightly smaller, at
about one-third of the dispersive one.

Direct Measurement of Adhesion: Interaction of the
Peptide Functionalized Tips with Ag Fibrils and
Protofibrils. The contact angle method previously presented
provides the average values of the surface energy of the systems
under investigation. Aiming to characterize our system at the
nanometric scale, we directly measure the adhesion force
involved when pulling a suitable functionalized AFM tip from

©)
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Ap fibrils and protofibril films. Gold coated silicon nitride
cantilevers were functionalized with isomers i, to i, as described
in Experimental Methods. It is worth mentioning that the
peptide sequence influences the degree of conjugation and
stability of Au/tip—peptide conjugates, as well as their
interactions with binding targets. For example, for AuNP
conjugates, AuNP-i; and AuNP-i, peptide molecules on the
gold surface have a surface packing of ¢ ~ 0.65 molecule/nm?;
this is two times higher than that of AuNP-i; packing.>>** Thus,
the same peptide packing ratio is expected for Au/tips-i; with
respect to Au/tips-ig, i,. Figure 2 schematizes the experimental

Sulfur S~ \

. Carbon 3 S~ ) 3 e
@
e ]

:"—,,’(30nm N ©

Oxygen o
Nitrogen B
I5nm AB-fibrils A:i-proto fibrils
E——— HOPG HOPG
35nm

Figure 2. Diagram indicating the spatial conformation of peptide iy, i),
and i, on the colloidal probe surface. Colored bullets indicate distinct
atoms on peptides. Typical measured profiles of Af fibrils as well as Af
protofibrils films are indicated by solid lines to show the degree of
roughness.

situation with respect to scales of interacting objects. The film
profiles which are extracted from typical AFM profiles can be
used to depict the substrate roughness with respect to the tip
and peptide size. Enhancements in Figure 2 illustrate expected
peptide orientations on the gold semisphere of the AFM tip as
predicted by Guerrero et al.>* for spherical AuNPs.

A detailed description of atomic force methods applied to
surface characterization can be found in a recent review by Butt
et al.> For our purposes, two approaches are available:*" the
Johnson—Kendall-Roberts (JKR) theory and the Derjaguin—
Muller—Topolov (DMT) theory that relate the link between
adhesion work, W,; and adhesion force, F,; Here, F,; is
defined as the pull-off force required to withdraw a spherical
object of radius R from the planar surface. We noticed that the
elastic deformation of surfaces is an important factor to relate

W, to F,;. Thus, for relatively high adhesive force in soft
material the JKR theory states that
2
W, = —
“ 3R ™)

For hard surfaces and weak adhesion, however, the DMT
theory is more adapted to these conditions,** and it reads,

1

W,=—F
Y (8)

Additionally, we explored the interactions of peptide
conjugated tips with both Af protofibrils and well developed
AP fibrils. Typical force curves on approach (upper panels) and
retraction (lower panels) as a function on substrate
deformation, D, are presented in Figure 3. For Af fibrils,
force curves vary gradually with D, illustrating a relatively minor
stiffness of fibrils. No difference in stiffness was observed
between isomers (Figure 3a). The Hertz contact model was
used to estimate the Young modulus as described by

? a) ' ' ‘ ~CLPFFD (10) "T~CLPFFD (10)
<+ CDLPFF (1) <+ CDLPFF (1)
i ~ CLPDFF (12) CLPDFF (12)
Z o35t
i ik\.
ot 3 g, s .
L " . L 0.5 L L . .
0 5 10 15 20 25 0 10 20 30 40
D[nm] D[nm]
c) <~CLPFFD (10) 1-_I d) ~CLPFFD (10)
; ~CDLPFF (1) <+ CDLPFF (1)
0.5 CLPDFF (12) 0.5l + CLPDFF (12)

0 10 20 _ 30 40 50 60
D[nm]

0 10 20 __30_ 40 50 60
D[nm]

Figure 3. Typical force curves as a function of penetration D in approach (upper panels) and retraction (lower panels). Functionalized tips with i, iy,

and i, interacting with Af;_,, well developed fibrils (a and c) and Af;_,, protofibrils (b and d).
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Dimitriadis et al.* Typical values of the Young modulus of the
Ap fibrils were of the order of 230 + 50 kPa. The force of
adhesion, i.e., the force jump under retraction (Figure 3c), was,
however, very different between isomers. In the case of
protofibrils, the Young modulus was typically 500 + 100 kPa,
whereas the adhesion force was significantly higher compared
to that of Af fibrils.

Because of the observed dispersion of adhesion force, which
is related to the inherent probabilistic nature of our force
measurements, we collected sufficient data curves to obtain
representative adhesion force histograms. The process was
carried out as follows: initially, a nearly homogeneous covered
area of about 1 ym” was selected. It is scanned by translating
the tip at steps of S0 nm. At each point, a force curve was
acquired and analyzed. The process is repeated several times by
selecting different regions of the substrates. We observed that
there is no statistically significant aging of the tip. This is
verified since the force statistic does not depend on whether it
is performed with the first or the second half of the data.
Nevertheless, in order to avoid contamination of the tips, the
whole process is repeated several times with newly function-
alized tips.

In Figure 4, we present histograms of adhesion work
obtained for peptides (i, i;, and i,) interacting with proto fibrils

0.05 BCLPFFD (I0)
- BCDLPFF (1)
©0.04r CLPDFF (I2)
(0]
>
go.os—
L
_GZJ 0.02
©
g 0.01

10 E
Wad[mJ/m ]
" [WCLPFFD (10)
.. 06 BCDLPFF (1)
o CLPDFF (12
-

0 5

125
Wad [mJ/im?]

Figure 4. Adhesion work for protofibrils as well as fibrils of Af,_,,
protein. (a) Histograms for the adhesion work of peptide i, (solid line:
Gaussian), i; (solid line: Poisson), i, (solid line: Gaussian) to Af;_4,
protofibrils. (b) Adhesion work of peptide iy, i;, and i, to Af;_y, fibrils.
Solid lines are Poisson distributions.

and well developed Af fibrils. For protofibrils, the work of
adhesion corresponding to the interaction with i, and i, was
significantly higher with respect to i;. This high interaction was
predicted and attributed to the hydrophobic nature of
protofibrils and the predominant exposition of hydrophobic
residues in the functionalized tips with i, and i, with respect to
i;. In the case of the AS fibrils, iy and i, presented very low
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adhesion, which can be related to a more hydrophilic nature of
Ap fibrils with respect to protofibrils. However, i; presented a
small but noticeable work adhesion. In Table 3, we summarize
the average work of adhesion with its respective dispersion for
peptides interacting with Af fibrils and protofibrils.

Table 3. Work of Adhesion between Solid—Solid Interfaces
As Measured by a Functionalized AFM Tip in Aqueous
Solution

adhesion work (mJ/m?®)  tipAu/i,  tipAu/i,  tipAu/i, tipAu
HOPG-Ap 02 +04 6+2 04 + 0.7 19 £ 11
HOPG-protofibrils 12+2 3x2 11 +2 6+3

The distributions of adhesion work for i, and i, are nearly
Gaussian, indicating that hydrophobic groups present in both
peptides have a characteristic probability of encountering a
similar group on the substrate at each trial. In other words,
these peptides interact with Af protofibrils via specific
hydrophobic sites with a nearly constant probability of
occurrence. Thus, if we neglect correlation between the
adhesion of peptides at distinct locations on the tip, the
whole process can be modeled simply by a binomial
distribution, where each trial is independent from one another.
Defining the probability of adhesion of a single peptide as p, the
probability for each peptide of not encountering an hydro-
phobic group is 1 — p, and the probability of adhesion of m
peptides groups onto the substrate reads

p"(1 - p)N "

N!
P(m) l\rp P) = l

m'(N - m)! (9)

where the number of active peptides on the tip, N, is simply
obtained by multiplying the packing fraction of peptide, ¢, by
the active surface, A,,,;, of the tip in contact with the substrate.
This is, N; & ¢A,,, By considering the penetration of the tip
on the soft substrate, §, the contact area is easily estimated to
A,y ® 27RS, which leads to Ny & N, =~ 370, for 6 ~ 3 nm. It is
worth noting that in the binomial distribution, the measured
adhesion work average, (W,;), and its respective variance, oy,
are related with basic parameters as (W,;) A, = o;Np and
Ao = @ (Np(1—p))'/?, respectively, where w; is the
adhesion energy per peptide. Thus, (W,;)/o, = (Np/(1 —
p))V2 For iy and i, interacting with protofibrils, our
measurements indicate that this ratio is about 6 and (W,;) ~
12 mJ/m? which leads to p ~ 0.1 and ; ~ 1.75 X 107" J.
However, for a molecule of radius R,,, the hydrophobic energy
is estimated to 40R,, J/mol* (R, is expressed in nm), which
suggests that the effective size of hydrophobic groups in
peptides i, and i, ranges from 1 to 2 nm, which is compatible
with peptide size.

It is noteworthy that i, is the only Af peptide interacting in a
similar manner with both Af fibrils as well as protofibrils. The
fact that the hydrophilic component of Af fibrils dominates,
which explains the low interaction of Af fibrils with i, and i,
breakers, indicates that different functional groups of i favor
interactions with either Af proto fibrils or fibrils. To provide
some quantitative understanding about this phenomenon, let us
assume that due to the lower degree of functionalization of i}, i,
interacts with Ap fibrils mediated by sites whose probability of
occurrence is very small. This assumption is supported by the
fact that the statistic of the work of addition for i; differs
significantly from a Gaussian distribution, showing a marked
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asymmetry that is characteristic of a Poisson distribution. Thus,
for p <1, the distribution is assumed to be Poisson-like,

e N m
P(m, N,p) = - (N;p) (10)
where N is the number of peptides i; on the active surface of
the tip. For i}, ¢;; & 0.32, which leads to N;; ~ 180. For the
Poisson distribution, the average, (W,,), and the variance, oy,
produce <Wad> Acont = 6')il\lilp and Ow A = wi(Nilp)l/Zl
respectively. Using data in Table 3, we find, @;; ~ 12 X 107" J
and Njp ~ 1, which leads to p ~ S X 107>, confirming our
hypothesis that there is a very small probability of adhesion of i;
but a relatively large interaction energy. The high value of the
interaction energy suggests that either the hydrophobic group
size is about 10 nm,”™ which is too large compared to the
peptide size, or the interaction observed has a different origin.
Since the coverage of peptide i; onto the gold surface is lower
compared to that of i, and i,, the second scenario seems more
likely. Thus, the observed adhesion would be due to the
interaction of patches of naked gold of the probe with fibrils
and protofibrils.

cont

B CONCLUSIONS

By using the nanoprobe method, it is possible to put forward
evidence of the hydrophobic nature of f-amyloid protofibrils
and their interaction with the exposed hydrophobic residues of
iy and i,, which are positioned orthogonally with respect to the
surface of the AFM tip. In contrast, amyloid fibrils which are
less hydrophobic show a reduced proportion/number of
interactions with all peptides onto the functionalized tip. Our
results indicate that the orientation of the peptide on the
surface and the degree of functionalization, which are
dependent on the peptide sequence, are crucial parameters
for the performance of the nanoprobe when interacting with
the amyloid aggregates. Indeed, the nanoprobe functionalized
with i, does not discriminate between amyloid fibrils and
protofibrils, which we attributed to the low degree of
functionalization.

Although protofibrils adsorbed on a graphite surface are
more hydrophobic species than amyloid fibrils, there is no
significant difference in the macroscopic behavior. On the
contrary, the nanoprobe method allowed discrimination and
identification of the hydrophobic/hydrophilic nature of f-
amyloid aggregates.

Force spectroscopy and peptide functionalized nanoprobes
represent a useful tool for a better understanding of
nanobiointeractions and for the design of new functionalized
nanoparticles to tune the interaction with amyloids, which are
relevant for biomedical applications.
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