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Interactive patches over amyloid-f oligomers mediate fractal self-assembly
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The monomeric units of intrinsically disordered proteins self-assemble into oligomers, protofilaments, and
eventually fibrils which may turn into amyloid. The aggregation of these proteins is primarily studied in
bulk with no restriction on their degrees of freedom. Herein we experimentally demonstrate that amyloid-8
(APB) aggregation under diffusion-limited conditions leads to its fractal self-assembly. Confocal microscopy
and scanning electron microscopy with energy dispersion x-ray analysis were used to confirm that the fractal
self-assemblies were formed from Ap rather than the salt present in the two supporting media: deionized
water and phosphate buffered saline. The results from the molecular docking experiments implicated that
electrostatic and hydrophobic patches on the solvent-accessible surface area of the AS oligomers mediate the
fractal self-assembly. These implications were tested with laser light scattering experiments on the oligomers
formed by breaking mature fibrils of AS through sonication, which were observed to self-assemble into fractals
when sonicated solutions were drop casted. The electrostatic interactions modulate the fractal morphologies
with pH of the solution, which leads to a morphological phase transition observed through the variation in their
fractal dimension. These transitions provide experimental evidence for the existing theoretical framework in
terms of different kinetic models. The higher surface-to-volume ratio of these fractal self-assemblies may have

applications in drug delivery, biosensing, and other biomedical applications.

DOI: 10.1103/PhysRevE.104.064404

I. INTRODUCTION

The complete understanding of protein aggregation under
different physiological conditions is indispensable to address
many unanswered questions in protein biophysics, includ-
ing those related to its role in protein misfolding diseases.
Notably, the misfolding of intrinsically disordered proteins
(IDPs) has been linked to various neurodegenerative diseases
[1]. The most studied IDP is the amyloid-8 (AB) which has
been investigated from different perspectives due to its phys-
iochemical significance [2], applications in nanotechnology
[3,4], and therapeutic association with Alzheimer’s disease
[2]. All these perspectives have A aggregation at its center,
where its kinetics has been intensively studied with a motive
to understand its role in Alzheimer’s disease and implicate
the knowledge of kinetics for various applications. The pos-
sibility of an enormous number of distinct polymorphs [5]
of AB formed during the conversion of misfolded monomers
into well-defined structural units called fibrils has fascinated
researchers from different scientific disciplines [6]. This is
why most in vitro studies being conducted aim to elucidate
the aggregation kinetics of proteins; hence, they are mostly
performed in bulk. However, significantly less is known of
the outcomes when their aggregation is monitored under
diffusion-limited conditions. When a protein solution is put
under diffusion-limited conditions, for instance, when drop
cast on a substrate, it may lead to its fractal self-assembly.
Recently, the fractal self-assemblies of different proteins have
been widely observed [7-12]. However, even though different
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polymorphs of AB are known to exist [6], there are no reports
on the fractal self-assembly of Ap.

Drop casting replicates a cellular environment where some
of the degrees of freedom of proteins are restricted, leading to
their biased diffusion inside the cell. As proteins have to move
and interact with other biomolecules to perform their function,
the biased diffusion of it may change the effects of cellular
factors such as macromolecular crowding, microviscosity, and
charge balance on its function. Thus, the study of protein
aggregation under such conditions may decipher important
aspects related to protein behavior under a degree of freedom
constraint. The fractal structures of A are interesting from a
diagnosis and applications point of view. Even though in vivo
observations of Alzheimer’s plaques having fractal structures
are not reported yet, a better understanding of oligomerization
under diffusion-limited conditions might be interesting for
therapeutic approaches to Alzheimer’s disease. For instance,
it was shown that fractal analysis of plaques can distinguish
Alzheimer’s disease patients from a control group [13]. Par-
ticularly, the morphological phase transition in the A fractal
self-assemblies as a function of pH may be beneficial for
diagnosis.

The previous reports have demonstrated high sensitivity
of protein self-assembly on the nature of the substrate, pH,
temperature of the protein solution, and ionic strength of
the media [7-12]. Also, recent studies indicate that a suffi-
cient population of specifically sized oligomers is necessary
to observe the fractal self-assembly of protein [8,9]. Herein
we experimentally demonstrate that AB aggregation under
diffusion-limited conditions leads to fractal self-assembly ob-
served from the freshly prepared solution of A in two
buffer media: deionized (DI) water and phosphate buffered
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saline (PBS). The role of electrostatic interactions in mod-
ulating the fractal characteristics of the self-assembly was
inspected by varying the pH of the protein solution. We further
provide the experimental evidence that the observed fractal
self-assemblies in DI water and PBS buffer were from the A8
rather than the salt present in the supporting media using con-
focal microscopy and scanning electron microscopy (SEM)
with energy dispersion x-ray (EDAX) analysis, respectively.
The molecular docking experiments were performed to infer
that oligomers have electrostatic and hydrophobic patches
on their solvent-accessible surface area (SASA) necessary
for propagating the fractal self-assembly. The matured fib-
rils of A were broken down into smaller size aggregates
(oligomers) through sonication to check the implications of
the molecular docking experiments. The laser light scattering
experiments on the sonicated solutions and their drop casting
indicated that specific sized oligomers are necessary to medi-
ate the fractal self-assembly.

The fractal self-assembly shows distinct morphologies
governed by the repulsive electrostatic interactions, which can
be modulated by changing the pH of the protein solution.
Interestingly, there exist different kinetic models for frac-
tal self-assemblies, namely, ballistic aggregation (BA) [14],
diffusion-limited aggregation (DLA) [15], reaction-limited
aggregation (RLA) [16], and the infinite-range mean field
(MF) [17] attractive model, and the transition between these
is known to exist theoretically [18-20]. However, even though
the fractal morphologies resembling those expected from
these models were seen experimentally [7,9], the implemen-
tation of these models, apart from DLA, to protein fractal
self-assemblies is not mentioned in previous reports. Herein
the fractal dimension of the morphology against changing
pH of the supporting medium confirms the morphological
phase transition, consistent with the transitions predicted
theoretically. These results may help us understand the physic-
ochemical interactions, which may be needed to design
appropriate protein self-assemblies for desired technological
applications, especially in biomedical applications [21] and
construction of nanodevices [22].

II. MATERIALS AND METHODS

A. Sample preparation

Amyloid-8 (1-42) amino acid residue (H-DAEFRHDS
GYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA-OH;
M,, 4515.8 g/mol) was purchased from FEurogentec,
AnaSpec. A stock solution was prepared by dissolving it
in pure dimethyl sulfoxide (DMSO) and sonicating it for
30 min, followed by centrifugation at 1000 rpm for 10 min
to produce an aggregation-free homogeneous solution. The
stock solution was diluted into two aliquots in which one
contained filtered DI water [sterile and endotoxin-free 0.02
pm polyethersulfone (PES) filter media, Whatman] and
another one was filtered phosphate buffer saline (PBS buffer;
1x, sterile and endotoxin-free 0.2 um PES filter media,
Whatman) in such a way that the final concentration of
the samples was ~10 uM at pH 6.5 £ 0.1, having 2%
DMSO in the buffer medium. The fractal morphologies were
observed at the final solution concentration of ~ 1 uM. All the

observations were made in an environment with 50%—60%
humidity at 20 °C.

B. Optical microscopy

The as-prepared Af solution was drop casted and allowed
to dry on a cleaned coverslip under ambient conditions. An
optical microscope (Nikon Eclipse Ti-U) in transmission
mode with a 100x objective lens was used to record the fractal
morphologies.

C. Confocal microscopy

Thioflavin T (ThT) fluorescent dye was added to the AS
solution containing DI water in a molar ratio of 5:1 and
incubated for 1 hr at room temperature. Then the solution
was drop casted on thoroughly cleaned coverslips and left
to dry before imaging for 1 hr under ambient conditions.
Confocal microscopy imaging was carried out using an Olym-
pus FlowView FV1000. The laser excitation wavelength was
405 nm.

D. Field emission scanning electron microscopy (FESEM)

Two microliters of AB solution with PBS as the buffer
media was drop casted on a thoroughly cleaned glass substrate
and allowed to dry under ambient conditions. The gold coating
was done on the surface of the dried sample to make it con-
ductive. FESEM (Carl Zeiss SUPRA 40) was used to scan the
samples at different magnification levels. Elemental mapping
of the morphologies were performed using EDAX analysis to
estimate the contribution of different elements in the fractal
self-assembly.

E. Dynamic/static light scattering (D/SLS)

A D/SLS (Photocor Ltd.) experiment was performed using
a Ga-As diode laser operated at a wavelength of 658.3 nm,
having a constant output power of 35 mW. Data analysis was
done using Photocor-FC and DynaL.S software. The hydrody-
namic radius (Ry) was calculated using the Stokes-Einstein
relation [23], Ry = kgT /67 nD;, where kg is the Boltzmann
constant, T is the temperature in Kelvin, n is the solvent
viscosity, and D; is the translational diffusion coefficient. In
the SLS experiment, the angular dependent time-averaged
scattered intensities of solvent, solution, and standard sample
as a reference were recorded. For a very dilute solution, the
time-averaged scattered intensity was fitted with a general
equation given by, ==+ 37: , where K = % is
the optical constant 7 is the refractive index of the solvent
the position of the detector defines the scattering angle (9), ¢
is the concentration of the sample, 5 9n is the increment of the
refractive index of the solution, Ny i 1s Avogadro s constant, Ry
is the Rayleigh ratio, and ¢ = 4ﬂ sm is the scattering vector
[24]. The R, value was estimated from the slope of the partial

Zimm plot (i.e., X< vs ¢?).

F. Fractal dimension calculation

The fractal dimension (d) of the experimental fractal-like
structures was calculated using Image] software [25]. The
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FIG. 1. The fractal morphologies were obtained from the freshly prepared solution of AB in (a)—(f) DI water and in (a*)—(f*) PBS buffer,

respectively, at different pH.

images were converted to a 16-bit binary format, and dy
was calculated using the box-counting algorithm with box
values of 2, 4, 8, 16, 32, 64, 128, 256, and 512 [26]. The
linear regression of the line drawn between the log(size) vs
log(count) determined the slope. The negative of the resultant
slope represents d; of the image.

III. RESULTS AND DISCUSSIONS
A. Fractal self-assembly of A

In the process of studying the matured fibrils of human
amylin, a 37-residue peptide associated with type II diabetes
mellitus [9], we recently discovered that oligomers could self-
assemble into fractal-like structures under diffusion-limited
conditions (drop cast on a substrate) [9]. We found that a
sufficient number of specifically sized oligomers were neces-
sary to observe fractal self-assembly of amylin, exemplifying
that an intrinsically disordered protein can self-assemble into
structures having fractal-like characteristics. These results
motivated us to examine the A peptide for fractal self-
assembly. Interestingly, A was also found to self-assemble
into fractal morphologies under similar experimental proto-
cols (see the experimental section) as we see for amylin,
qualitatively following similar sufficient conditions required
for its oligomers to self-assemble into fractals. In addition to
this, other interesting features were also observed in the case
of AB.

Figure 1 summarizes the fractal morphologies of Ag ob-
served in DI water and PBS buffer at different pH. In DI
water, at acidic pH 2.5 + 0.1, 5.5 £ 0.1, and 6.5 £ 0.1, den-
dritic structures were observed [Figs. 1(a)-1(c)]. The branches
of the fractals were thin and broken. The thickness and the
feature of broken branches became more evident with the pH
increase from 2.5+ 0.1 to 6.5 £ 0.1. The broken branches
indicate that the DI water was acting as a mediator between
the oligomers and cluster-cluster aggregation [27] as a possi-
ble mechanism behind the formation of the fractal structures.
The presence of mobile water within the intersheet region
[28] and its role in protein folding and assembly of Ap fibrils
[29] were recently reported. Moreover, the dehydration-driven
changes in the fractal self-assembly of gelatin are already
known [30]. At basic pH7.54+0.1,9.5+0.1,and 11.5 + 0.1
[Figs. 1(d)-1(f)], in contrast, we observed dense and compact
morphology. The compactness of the structures increased with
an increase in the pH from 7.5 + 0.1 to 11.5 £ 0.1. With an
increase in pH, the morphologies seem to become denser and
cover a lesser amount of space. The d; of the morphologies
obtained at pH 7.5 to 11.5 also increased (shown later), indi-
rectly indicating the increased compactness of the structures.

In PBS buffer, in acidic pH regimes [Figs. 1(a*)-1(c*)],
almost similar morphologies were observed as in DI water.
The difference is that the broken branches feature became less
evident with an increase in the pH. At pH 6.5 £ 0.1, some
oligomers were also observed near the fractal self-assembly.
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At basic pH [Figs. 1(d*)-1(f*)], not precisely the same, but
similar dense and compact structures were observed as seen
in the DI water. The differences in the morphological features
of the self-assemblies were attributed to the variation in the
electrostatic interaction in the presence of two different media.
Since the pl of AS used for experiments was ~6.67, very
close to neutral pH, the charge on A is close to zero. With
an increase or decrease in pH from the pl of the protein, the
charge on AB will become more negative or positive. The
change in pH may alter the behavior of charged residues from
hydrophilic to hydrophobic-like [31], influencing the stabil-
ity of the formed oligomers. Under higher or lower pH, the
oligomers may be unstable, leading to the exposure of their
hydrophobic core to the solvent [32]. Therefore, the change in
pH can affect both the electrostatic- and hydrophobic-driven
interactions, which may play a vital role in determining the
interactions between the oligomers.

B. Evidence for the fractal self-assemblies of A

Recently we observed that the buffer media can also self-
assemble into fractals with different fractal characteristics
than amylin [9]. Thus, we first confirmed that the fractal
morphologies were from the AS and its oligomers rather than
the buffer media.

1. Fractal self-assembly of AB in DI water

The confocal microscopy with the fluorescence of ThT
at an excitation wavelength of 405 nm was employed for
the morphologies obtained in DI water. The fluorescence of
ThT has been widely used to study the aggregation kinet-
ics, where the binding of ThT to the S-sheet structures of
Ap is necessary to gain the fluorescence signal [33]. The
observed morphologies (Fig. 2) were not exactly similar to
that observed using the optical microscope (Fig. 1), but still
a transition in the morphologies from dendritic structures to
dense and compact structures with an increase in pH can be
seen. The differences in the morphologies shown in Fig. 1 and
Fig. 2 are attributed to the presence of ThT, which may per-
turb the interactions responsible for the self-assembly. Similar
modulations in the aggregation kinetics of A were observed
in the presence of ThT [34]. The nonconfocal mode images
at pH 6.5 = 0.1 [Fig. 2(c)] and 7.5 0.1 [Fig. 2(d)] indicate
that ThT itself is capable to self-assemble into a fractal with
both directional and nondirectional features, respectively. But
since they were partly bound to the B-sheet structures of A at
pH 6.5 £ 0.1 and were not bound at all at pH 7.5 £ 0.1, these
self-assemblies of ThT were present in the corresponding con-
focal mode images with a different color (yellowish-green)
[Fig. 2(c*)] and totally absent [Fig. 2(d*)], respectively. This
indicates that ThT binding to the B-sheet structures of Af
is pH-dependent. Moreover, at pH 6.5 £ 0.1, the presence of
oligomers, in both the confocal mode [Fig. 2(c)] and noncon-
focal mode [Fig. 2(c*)], images can be seen. It is important to
note that the ThT-induced perturbations in the morphologies
of the self-assemblies are small, and the methodology can
be efficiently used to confirm the presence of proteins in the
fractal self-assemblies formed in DI water.

FIG. 2. The nonconfocal (a)—(f) and confocal mode (a*)—(f*) im-
ages of the morphologies obtained from the freshly prepared solution
of AB in the DI water at different pH.

2. Fractal self-assembly of A in PBS buffer

The salts present in the buffer may induce and modulate the
self-assembly of proteins [30,36,37]. Therefore, for the fractal
morphologies obtained in PBS buffer, the presence of AfS
was confirmed by first visualizing the fractal morphologies
through SEM [Figs. 3(a)-3(f)] and then performing EDAX
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FIG. 3. The SEM images of the morphologies obtained from the freshly prepared solution of Ag in PBS buffer at (a)—(f) different pH. (g)
The energy dispersion x-ray (EDAX) spectra show the elements present in the areas chosen in the fractal morphology obtained at pH 6.5 £ 0.1,
shown in (h) for selected area 1 (see Sec. S1, Supplemental Material [35] for selected area 2). (i) The weight and atomic contributions of the
elements in the EDAX spectra shown in (g).

064404-5



SINGH, KHATUN, PAWAR, AND GUPTA

PHYSICAL REVIEW E 104, 064404 (2021)

analysis on some chosen areas on the fractal morphology
[Figs. 3(g)-3(i)]. The morphologies observed through SEM
were different from those observed through optical and con-
focal microscopy. This discrepancy may be due to the long
incubation time required in SEM before imaging and a differ-
ent substrate, which may modulate electrostatic contribution
in the self-assembly. At pH 2.5 £ 0.1 [Fig. 3(a)], 5.5+ 0.1
[Fig. 3(b)], and 6.5 % 0.1 [Fig. 3(c)] thick branched dendritic
structures, compact structures with circular envelopes, and
thin branched dendritic structures were observed, respectively,
which were more prominent than the similar fractal morpholo-
gies observed at pH 7.5 £0.1 [Fig. 3(d)]. At pH 9.5+0.1
[Fig. 3(e)], the dendritic feature was retained with thicker
branches. Notably, instead of fractal structures, fibrils were
observed at pH 11.5 £ 0.1 [Fig. 3(f)]. The higher aggregation
rate [evident from the higher values of R,; see Fig. 6(a) below]
at pH 11.5 £ 0.1 and the fact that the sample was allowed
to completely dry overnight lead to the observation of fibrils
at this pH. These fibrils belong to another interesting regime
that is accessed when aggregation of A is performed in
bulk. The EDAX analysis [Fig. 3(g)], when performed on
an area chosen on the structures at pH 6.5 + 0.1 [Fig. 3(h)],
reveals the contribution of different elements, as shown in
Fig. 3(i). Since the PBS buffer does not contain nitrogen, the
significant presence of nitrogen may be used as an indicator of
protein present in the self-assembly. We used this protocol to
verify that the fractal morphologies were formed from protein
oligomers. However, this does not guarantee the absence of
salt in the PBS buffer from the observed morphologies, which
may mediate the self-assembly.

C. Role of electrostatic and hydrophobic patches

The molecular docking experiments were performed to
understand the possible interactions involved in the fractal
self-assembly. The electrostatic and hydrophobic interactions
are two vital interactions that may lead to fractal self-
assembly. The docking study provides the position and the
fractional coverage of electrostatic and hydrophobic patches
on the oligomers. The ClusPro webserver [39] used for molec-
ular docking provides advantageous alternatives wherein
electrostatic- and hydrophobic-based docking is feasible. We
performed the docking of the modeled AB monomer with a
B-sheet structure [38] [Fig. 4(a)] in a sequential (monomer-
by-monomer) manner to form oligomers up to eicosamer.
ApB consists of four polar, 12 ionic, and 26 hydrophobic
residues. There are three electrostatic patches [EP1(R5-S8),
EP2(H13-K16), and EP3(S26-K28)] and two hydrophobic
patches [HP1(L17-A21) and HP2(G29-A42)] on the SASA
of the AB monomer [Fig. 4(b)] which were also present
when the monomers were docked [Fig. 4(c)]. A nearly linear
increase in the SASA of the docked structures with an in-
crease in the oligomer size was observed [Figs. 4(d) and 4(e)].
The SASA of the docked structures, polar or ionic, and hy-
drophobic residues obtained from the electrostatic [Fig. 4(d)]
[hydrophobic; Fig. 4(e)] represents the case where there is
a nonzero (zero) charge on the protein monomers; hence,
it represents the scenarios of experiments performed at pH
greater or smaller than the plI (electrostatic based) and the pl
(hydrophobic based), respectively. The polar or ionic or hy-

drophobic patches on the oligomers should not be exhausted
for the successful evolution of the oligomers into fractal self-
assemblies [Figs. 4(d*) and 4(e*)]. It is noted that, despite the
fractional SASA decreases with the oligomer size, nonzero
electrostatic and hydrophobic patches were still present
[Figs. 4(d*) and 4(e*)] on the SASA of the oligomers. This
was inspected by examining the docked structures in different
orientations to ensure that there remains a polar or ionic or
hydrophobic patch on the SASA of the oligomer to propagate
the self-assembly further (see Sec. S2, Supplemental Material
[35] for interface residues in the docked structures). A similar
molecular docking study was performed with the A dimer
having the PDB ID-5AEF (15-42 residues) [40] (see Sec. S3,
Supplemental Material [35]) to further cross-check the nonex-
haustive presence of electrostatic and hydrophobic patches on
the SASA of the docked structures. Notably, electrostatic and
hydrophobic patches were necessary to further propagate the
fractal self-assembly.

The implications of the molecular docking experiments
were tested from the light scattering study conducted on the
matured fibrils of A formed at pH 6.5 £ 0.1. When the
matured fibrils of AB, which themselves did not form fractal
self-assembly, were sonicated (at ultrasonic power of 250 W
applied for 15 s at an interval of 15 s) and drop casted, it
led to an observation of fractal self-assemblies. The sonica-
tion of matured fibrils breaks them into oligomers and small
protofilaments, which then diffuse on the substrate to self-
assemble into fractal-like morphologies. Similar observations
were made for matured fibrils of human amylin [9]. First, the
presence of matured fibrils was confirmed in the AS solution
[Fig. 5(a)]. Then the sonication was performed for 2 min,
5 min, 10 min, 15 min, and 30 min, and the corresponding
size distribution of the solution was determined using DLS
(Fig. 5).

With an increase in the sonication time, the extent of
breakage of the fibrils was greater. This was reflected in the
comparative observation of two structural features: (1) dense
and compact fractal self-assembly formed over a clump of
fibrils and (2) the fractal self-assembly, similar to those ob-
served with a freshly prepared solution of Ag at pH 6.5 £ 0.1.
In the solution of matured fibrils, the structures of type (1)
were scarcely present, depicted by the more significant con-
tribution from the larger size aggregates in DLS [Fig. 5(a*)].
However, after 2 min sonication, the population of type (1)
structures increased significantly [Fig. 5(b) and see Sec. S4,
Supplemental Material [35]] reflected in DLS, where the con-
version of larger size aggregates into smaller aggregates can
be seen [Fig. 5(b*)]. The consistency of the result from the
DLS measurement was further corroborated with TEM imag-
ing of the broken fibrils in the solution obtained after 2 min
sonication (see Sec. S4, Supplemental Material [35]). As a
small span (2 min) of sonication was used, this may be due
to the breakage of fibrils into structures that were bonded via
weak interactions. Interestingly, with a further increase in the
sonication time, the number of type (1) structures decreased,
and type (2) structures increased [Figs. 5(c)-5(f)]. A similar
trend in the DLS data was observed where the population
of the smaller size aggregates gradually dominates over that
of the larger size aggregates [Figs. 5(c*)-5(f*)]. This may
be because a larger time of sonication leads to the breakage

064404-6



INTERACTIVE PATCHES OVER AMYLOID-§ ...

PHYSICAL REVIEW E 104, 064404 (2021)

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
1

EP1

EP1

Electrostatics based docking

11 1 L1l 1
EP2 HP1 EP3 HP2
(c) Tetramer

Hydrophobic based docking

5 | (d) —@— Docked structures (e) —@— Docked structures
30x10 —A— Electrostatic 7 —A— Electrostatic
25 - —@— Hydrophobic A —@- Hydrophobic
< 204 .
% 151 :
<
® 10 - -
° M | M
1 1 1 1 1 1 1 1 1 1
0.5 (d*) —A— Electrostatic | (e*) —A— Electrostatic
;t) —@— Hydrophobic —@— Hydrophobic
< 0.4
©
[ =
9O 0.3+
©
o
L 0.2+
1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 O 5 10 15 20

No of monomers

No of monomers

FIG. 4. The molecular docking was performed on the (a) modeled structure of A monomer with B-sheet structure [38] obtained from Dr.
Bogdan Barz, Forschungszentrum Jiilich, Germany. The electrostatic and hydrophobic patches on the (b) monomer and (c) docked tetramer.
SASA of the docked structures and interactive patches formed using (d) electrostatics-based and (e) hydrophobic-based docking, respectively.
The fractional SASA of the polar and ionic and hydrophobic residues on the SASA of the docked structures formed using (d*) electrostatics-

based and (e*) hydrophobic-based docking, respectively.

of fibrils into smaller oligomers, hence resulting in fractal
morphology similar to the self-assembly when the same size
oligomers were formed from the monomeric solution of AfS
[Fig. 1(c*)].

The process through which the results of Fig. 5 were
obtained can be seen as a reverse process wherein instead
of being formed from the monomeric solution of Af, the
oligomers were formed by breaking fibrils through sonication
and were observed to self-assemble into fractals when drop
casted (Fig. 5). Surprisingly, similar morphologies observed
[Fig. 1(c*) and Figs. 5(c)-5(f)] through these reverse pro-
cesses suggest that it is the oligomers that self-assemble into
fractals. It is to be noted that the size (branches) of the fractal

self-assembly decreases (increases) with the increase in the
sonication time. These observations indicate that specifically
sized oligomers, present in a sufficient amount, are necessary
for providing the fractal structural feature to the self-assembly
of AB.

In a protein solution, the hydrophobic interactions, which
are fewer compared to the electrostatic interactions, may mod-
ulate the electrostatics by changing the effective charge ge
on the oligomers [41-45]. The g. may also be changed
by changing the pH of the protein solution [8,9,12]. The
higher g.;f means higher repulsive interactions between the
oligomers. In the presence of sufficient g, the oligomers
may be stable, and thus instead of fractal self-assembly,
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FIG. 5. The optical microscope images and the corresponding size distribution measured using DLS for matured fibrils after (a) and (a*)
0 min, and A solution of matured fibrils after sonication time of (b) and (b*) 2 min; (c¢) and (c*) 5 min; (d) and (d*) 10 min; (e) and (e*)

15 min; and (f) and (f*) 30 min.

chainlike morphologies will be observed (see Sec. S5,
Supplemental Material [35]). Also, the charges on the sub-
strate may disturb the dynamics necessary for self-assembly.
However, during the formation of fractal self-assembly, the
uncovered hydrophobic patches on the SASA of the oligomers
would try to get covered in order to decrease the free energy.
So, in an energetically favored self-assembled system, the
hydrophobic patches will be hidden inside the self-assembly,
and the electrostatic patches will be oriented to have minimum
repulsive interaction. As the effective charge in the protein so-
lution is increased, more compact and smaller self-assemblies
were evident. This indicates that when there is a large effective
charge on the oligomers, the formation kinetics of the fractal
self-assembly is different. However, the DLA model can ex-
plain the formation of these self-assemblies at intermediate
pH, i.e., 5.5 £ 0.1 and 6.5 £ 0.1, where the effective charge
on the oligomers is not large enough.

It is interesting to note an attractive feature in the frac-
tal self-assemblies at pH 7.5 + 0.1 to pH 11.5 + 0.1 (Fig. 1
and Fig. 2). At pH 7.5+0.1 and 9.5 +£0.1, there is an
indication that the central point of the fractal act as a bifurca-
tion point for the morphology. The bifurcation characteristics
became even more apparent at pH 11.5 £ 0.1. This indi-
cates the presence of other parameters, the interplay between
which affects the shape plasticity of the self-assembly [46].
The previous results also suggest that the surface thermody-
namics and the crystal morphologies are related [47]. The

detailed study of the presence of a bifurcation point in these
fractal self-assemblies is the subject matter of our ongoing
investigation.

D. Morphological phase transition in the fractal
self-assembly of A

A careful inspection of the morphologies, in both DI wa-
ter and PBS buffer (Fig. 1), indicated the presence of a
morphological phase transition in the fractal self-assembly
of AB. Theoretically, the growth probability P of the frac-
tal morphologies can be described by the spatial variation
of a potential field 2, P «| VQ |*, with scaling parameter
o. The transition in the morphologies can be realized by
varying o [48,49]. Different o depicts the level of screening
and anisotropy in the system, which in turn decides differ-
ent regimes of fractal growth. @ = 0 depicts BA where the
particles move in a straight line giving rise to compact and
dense fractals; o = 1 represents the ideal Laplacian growth of
which DLA is a well-known example and RLA when repul-
sive electrostatic interactions are involved; and when o — o0,
the long-range interactions dominate over the stochasticity of
the process and can be described by MF attractive model. The
transitions between the morphologies obtained using these
models have been shown to exist theoretically.

Interestingly, the morphological transitions in the fractal
self-assembly of A observed herein provide experimental
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TABLE I. The fractal growth regime; RLA-DLA and DLA-BA
transitions in the obtained fractal morphologies of ApS.

Fractal Fractal

self-assembly self-assembly
pH in DI water in PBS buffer
25+0.1 RLA RLA
5.5£0.1 RLA RLA-DLA
6.5+0.1 RLA-DLA DLA
7.5£0.1 BA DLA-BA
9.5£0.1 BA BA
11.5+0.1 BA BA

evidence for such transitions summarized in Table I. The
assignment of the kinetic growth regime to the observed frac-
tal morphologies was done by checking their similarity with
those expected through the application of the models [19].
The emergence of DLA-BA transition in PBS buffer and its
absence in DI water indicate that the AB solution is more
stable in PBS buffer than in DI water.

The realizations of these transitions can be obtained by
estimating the evolution of R, of the protein aggregates with
time at similar pH for which the fractal morphologies were
obtained [Fig. 6(a)], and the dy of fractal structures observed
in both DI water and PBS buffer [Fig. 6(b)], which provides
a signature for these transitions. Figure 6(a) indicates that AS
aggregation is highly pH-dependent, consistent with the pre-
vious reports [S0]. At pH 11.5 £ 0.1, the oligomer formation
would be faster, and since the size of the oligomer will be
greater (and hence less stochastic), it leads to an effective
straight-line motion of the oligomers, resulting in BA. The
decrement in the fluctuations with size has been recently re-
ported for gold nanoparticles [51]. The BA is also an outcome
of screening long-range hydrophobic interactions [52] due
to nonzero charge on the oligomers. The electrostatic and
hydrophobic patches on the surface of oligomers, formed un-
der diffusion-limited conditions, decide the complexity of the
fractal self-assembly of AB [Fig. 6(b)]. Near the pl (= 6.67),
the electrostatic interactions are minimum, and long-range
hydrophobic attractive interactions govern fractal formation.
Hence, in a very small pH regime, close to pl, fractal for-
mation is described by MF where chainlike morphologies are
expected. Even though we observed chainlike morphologies
at pH 6.5 £ 0.1 (see Sec. S5, Supplemental Material [35]), it
is very difficult to pinpoint the pH regime in which MF will
dominate over DLA. In the acidic regime, as supported by
R,, neither the oligomers’ size is large enough to eradicate
the effect of stochasticity, nor are the hydrophobic interac-
tions effectively screened, leading to large stochasticity, hence
resulting in RLA governed structures. So, at pH 2.5 £ 0.1,
6.5+0.1,and 11.5 & 0.1, RLA-, DLA-, and BA-based struc-
tures were observed, respectively. Furthermore, between pH
values, the morphologies are in the state of transitions between
these kinetic models, evident from the mixed morphological
features.

The dendritic DLA-like structures were observed at pH
6.5 £ 0.1. The observations at pH 2.5+ 0.1 and 5.5 +0.1
suggest that there is a positive charge on the oligomers

6~ pH25 -A-pH75

~® pH55 -4 pH9.5
—A pH 6.5

(@) 450 -
pH 11.5

1 1 1 1
20 40 60 80 100 120
Time (hr)

(b)

' —@— In water
1 1 1 T
4 6 8 10
pH

FIG. 6. (a) The radius of gyration (R,) of Af aggregation as a
function of time measured for 5 days at similar pH for which the
fractal morphologies were observed. (b) The d; as a function of pHj; it
depicts a morphological phase transition in the fractal self-assembly
of AB. The d; for fractal self-assembly obtained in PBS buffer at pH
11.5 £ 0.1 is not shown due to inaccuracy in the d; mainly because
of the contrast of the image (see Sec. S6, Supplemental Material

(35D).

indicating RLA as possible kinetics responsible for the mor-
phology observed experimentally. AtpH 7.5 £0.1,9.5 £ 0.1,
and 11.5 4+ 0.1, not only is there a net negative charge on
the oligomers, but there is also a high probability for these
oligomers to self-assemble into protofilaments which may be
responsible for providing dense nondendritic structures. This
again indicates that, at these pH, other aggregation kinetics
(BA) is necessary to explain its formation.

The transitions RLA-DLA and DLA-BA between the ki-
netic models can be better understood in terms of a mixing
parameter m [19], which decides which of the two, stochastic
or energetics, dominates the growth process. Theoretically, it
is predicted that the stochasticity dominates for m < 0.01 and
energetics dominates when m — 1. However, the transitions
RLA-DLA and DLA-BA were observed at m = 0.1 itself
[19]. In the case of AB, the mixing parameter m depicts the
contribution of electrostatic and hydrophobic interactions in
the self-assemblies. From the observed morphological transi-
tions [Fig. 1 and Fig. 6(b)], it is evident that the interactions
dominate at pH 2.5 £0.1 and 11.5 £0.1, and stochasticity
dominates at pH 6.5 &= 0.1. Between pH values, both stochas-
ticity and energetics contribute competitively to the fractal
self-assembly of AB. This is also evident from the fact that,
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instead of the expected morphologies solely governed by these
kinetic models, mixed morphological characteristics were
observed at different pH (Fig. 1). This indicates that m is ex-
pected to be in the range O to 0.05 for the A self-assemblies.
However, the exact determination of m would require more
controlled experiments and is presently our ongoing subject
of investigation.

IV. CONCLUDING REMARKS

The fractal self-assembly from a freshly prepared solution
of AB under diffusion-limited conditions is experimentally
demonstrated in two supporting media: DI water and PBS
buffer. The confocal microscopy and FESEM with EDAX
analysis were used to confirm that the fractal morphologies
were from the protein and not from the salt present in the sup-
porting media. The observations with Af solution at different
pH helped us to understand the role of electrostatic interaction
in the formation of fractal self-assemblies. The molecular
docking experiments indicated the presence of nonexhaus-
tive electrostatic and hydrophobic patches on the AS docked
structures (oligomers) necessary for the propagation of the
fractal self-assembly. The implications of the docking exper-
iments were further checked by breaking matured fibrils of
Ap into smaller oligomers through sonication. The laser light
experiments on the sonicated solutions and their drop casting
indicated that oligomers with electrostatic and hydrophobic
patches on their SASA interact to self-assemble into fractals.
The R, at different pH and the d of the fractal morphologies
indicated the presence of a morphological phase transition
from acidic pH (DLA-like fractals) to basic pH (BA-like
dense and compact fractals) where a pH range close to pl acts

as a transition region. The morphological transition provides
experimental evidence for the recently reported theoretical
framework [19] for similar transitions.

The results of the present study provide a new dimension
to the self-assembly of AB which may find potential applica-
tions in diagnosis, drug delivery, biosensing, and nanoparticle
self-assemblies for targeted biomedical applications. Due to
the high surface-to-volume ratio, the reported fractal self-
assembly formed under appropriate conditions can efficiently
enhance the drug delivery mechanism. Moreover, the struc-
tures of amyloids can be exploited for developing both
nanoelectronic materials for biosensing and nanowires for
optical applications [53]. Since for biosensing the surface of
the structures are needed to be functionalized, their surface
area is a decisive factor; thus, we believe that the fractal
self-assembly of amyloid can be a promising candidate for
sensing applications.
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