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A droplet reactor on a super-hydrophobic surface
allows control and characterization of amyloid fibril
growth
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Methods to produce protein amyloid fibrils, in vitro, and in situ structure characterization, are
of primary importance in biology, medicine, and pharmacology. We first demonstrated the
droplet on a super-hydrophobic substrate as the reactor to produce protein amyloid fibrils
with real-time monitoring of the growth process by using combined light-sheet microscopy
and thermal imaging. The molecular structures were characterized by Raman spectroscopy,
X-ray diffraction and X-ray scattering. We demonstrated that the convective flow induced by
the temperature gradient of the sample is the main driving force in the growth of well-ordered
protein fibrils. Particular attention was devoted to PHF6 peptide and full-length Tau441
protein to form amyloid fibrils. By a combined experimental with the molecular dynamics
simulations, the conformational polymorphism of these amyloid fibrils were characterized.
The study provided a feasible procedure to optimize the amyloid fibrils formation and
characterizations of other types of proteins in future studies.
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aggregation is a huge matter in many human neurode-

generative diseasesl:?: in particular Tau protein which is
one of the major players in Alzheimer disease (AD), Pick’s dis-
ease, Chronic Traumatic Encephalopathy (CTE), Parkinson’s
disease, and Progressive Supranuclear Palsy (PSP)3. Molecular
structures characterizations of these amyloid fibril aggregations
are extremely important to understand the pathogenesis of these
diseases for new therapies development2. However, these protein
amyloid fibrils are difficult to form without using additional
chemical cofactors, which hampers further molecular structure
characterizations in vitro, especially for the full length (441 amino
acids) Tau protein®°. In recent years, increasing evidences indi-
cated that the fluid flow is one of the most important non-
chemical factors causing protein aggregation®-8. In spite of many
efforts have been reported in this field by several teams, the
method that could provide real-time direct monitoring of this
phenomenon is still undiscovered and its application in the in situ
bio-medical molecular structure characterization is minor8-1°.

Herein, we demonstrated a methodology and an integrated
real-time imaging and flow-field control platform based on water
droplet evaporation on super-hydrophobic substrate (SHS) to
produce in vitro amyloid fibril aggregation for in situ molecular
structure characterizations. With this methodology and platform,
we were able to produce the aggregation of amyloid fibrils
without the aid of any aggregation cofactor for molecular struc-
ture characterization, which is not straightforward, especially in
the case of full-length Tau protein.

SHS based on micro-pillar arrays (Supplementary Note 1 and
Supplementary Fig. 1) had been widely used in single-molecule
manipulation and detection of various macromolecules, including
DNA and proteins, by taking advantage of the molecules accu-
mulation and assembly under Marangoni convective flow and
drop receding mechanism under evaporation!®-22, Given the
inherent convective flow in the liquid droplet, SHS should be an
ideal platform to mimic and analyze the protein molecular
behavior under continue flow in real time. Although many the-
oretical and experimental efforts have been made to study the
convection phenomenon in liquid droplet, the experimental
control and optimization of the convective flow for real-time
molecule manipulation and analysis is absent, due to experi-
mental obstacles, in particular, the droplet imaging control during
the aggregation pI'OCQSSZ3_26.

We built a light-sheet imaging system (Supplementary Note 2
and Supplementary Fig. 2) to study the real-time hydrodynamic
behavior of protein molecules under confined convective flow in a
droplet on SHS with the task to obtain well-ordered fibrils where
information on protein structure can be determined through
Raman and X-ray diffraction methods. By taking advantage of
real-time droplet imaging, the convective flows in droplet were
optimized with temperature control. The very first direct visual
evidence was acquired and showed that the convective flow can
spatially confine the protein molecules present in the droplet and
therefore enhance the assembly into amyloids or fibrils aggre-
gates. In addition, due to the advanced design of the SHS plat-
form, the molecular structures of formed fibrils aggregates were
self-suspended aiding the analysis by confocal Raman spectro-
scopy, two-dimensional X-ray diffraction (2D-XRD), small-angle
X-ray scattering (SAXS) and wide-angle X-ray scattering
(WAXS).

We applied our methodology and platform in the analysis of
Tau protein isoform 2N4R (Tau441) and its peptide fragment
PHEF6, widely recognized to be involved in amyloid-type aggre-
gation in Alzheimer’s disease?’-2°. This experimental platform
allowed the formation of amyloid fibers from PHF6 and Tau441
that presented several degrees of conformational polymorphism

Protein misfolding causing assembly and amyloid fibril

upon change of temperature gradient, as will be discussed in the
following sections. Finally, we applied molecular dynamics (MD)
simulation on PHF6 and Tau441 systems in order to derive
detailed insights of the fibril properties30-33.

The schematic of the whole process is briefly shown in Fig. 1.

Results

Protein amyloid fibrils assembling and growing driven by
confined convective flow. To study the flow field driven protein
aggregation in real-time, a confined and steady flow is required.
Although several mechanic stirring based systems had been
reported, none of them showed the ability to perform real-time
investigations!2343>, And according to our previous research
about droplet on SHS, the inherent convective flow in evaporating
droplet should be a highly potential candidate as fiber aggregation
driving force!®18:36, Here we produced a confined and steady
convective flow (Fig. 2) driven by temperature gradient, AT (i.e., a
water droplet with given size sitting on a heated substrate, AT =
T,—Ty, T is the temperature of hot substrate, T, is ambient
temperature, Supplementary Note 3).

Unlike Marangoni convection that drives mass transfer from
droplet edge to center, at the interface of air, water and the solid
substrate, and impacts the substrate (Supplementary Note 1,
Supplementary Fig. 6 and Supplementary Movie 1), the buoyancy
force, depending on temperature gradient, drives loop fluxes and
objects floating away from the bottom (Fig. 2a, b). This effect,
pursued in this work, is central in driving the fibril aggregation, in
fact the top loop fluxes (Fig. 2a, b) are effective for generating a
steady-state loop and avoid the impact of proteins onto the
substrate before the end of the evaporation process. The top loop
fluxes generate a continuous convective flow far from the
substrate without any deposition of the solute. Indeed, in our
experimental conditions, this happened when the temperature
gradient, respect to the environment, reached or overcame AT =
20K (Fig. 2c-f). The convective flow pattern was changing
significantly compared to AT <20K (Supplementary Note 3,
Supplementary Fig. 6 and Supplementary Movie 1). Two stable
and steady symmetric convective flows, on the top of the drop,
were obtained (Fig. 2e, f, and Supplementary Movie 2). These
flows are lifted from the substrate. Meanwhile, compared to the
conditions at AT <20 K (Supplementary Note 3, Supplementary
Fig. 6 and Supplementary Movie 1) the confined convective flow
driven by the buoyancy force is quite stable and the airflow does
not affect the symmetrical vortexes but only drives their rotation
about the vertical axis of the droplet (Fig. 2e, f, from t=0sto t =
65s). The discontinuous convective flow at AT<20K is not
effective for fibril aggregation, because it intercepts the substrate
and deposits the molecules on it, preventing the fibril aggregation
that happens only after longer looping time. In addition, although
the simulation suggested the presence of four convective vortexes
in the droplet with the two convective vortexes on top of the
droplet and two convective vortexes at the bottom, the
experimental data showed only two strong vortexes on the top
side of the droplet. Since the two strong top vortexes attracting
most of the fluorescent beads, the fluorescent in the bottom part
of the drop becomes so week that optical image becomes dark,
therefore, only the top part of the droplet maintains a steady state
molecular concentration and contribute to fiber aggregation can
be imaged by the light-sheet microscope.

We applied this confined convective flow to manipulate and
force the protein aggregation. We started the experiment by
dropping the pre-formed amyloid fibrils solution from hen egg
weight lysozyme (HEWL) with fibers of ~5nm thickness as
obtained from AFM measurement (Supplementary Note 4 and
Supplementary Fig. 10) on SHS. The real-time images driven by
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Fig. 1 Scheme of the whole process from protein fibrils formation in droplet with confined convective flow field control and study of droplet contact
line depinning dynamics to protein fibrils molecular structure characterizations. a Protein fibrils formation with temperature gradient (AT) controlled
confined convective flow field in droplet on SHS. b Droplet contact line depinning dynamics study with ultra-fast imaging. ¢ In situ molecular structure
characterizations of protein fibrils with Raman, XRD, 2D-WAXS, and molecular dynamics (MD) calculation.

confined convective flow were acquired (Fig. 2g). Clearly, the
amyloid fibrils aggregation is driven continuously by the pairwise
confined convection loops in the droplet. The molecule trajectories
are not disturbed by the substrate, thus forming a persistent
convection loop. In addition, by taking advantage of the real-time
imaging system, two representative fibril aggregates (Fig. 2h-l, the
green and magenta arrowed), were tracked in the convective flow.
Initially, these two different sized fibrils migrate independently at
large relative distance (Fig. 2h, Supplementary Note 5, Supplemen-
tary Movie 3 and Supplementary Fig. 11). Due to the convective
flow loops, these two fibrils are driven closer and closer (Fig. 2i, j)
until they aggregate together and form one single larger assembly
(Fig. 2k, 1).

Although several previous researches provided experimental
evidence of the amyloid fibrils formation induced by the shear-
flow, these results were based on the measurement of fluorescence
intensity collected from the amyloid aggregates!0-12. The size
factors of amyloid fibrils aggregates were evaluated by their
fluorescence intensities. In addition, since the shear force was
produced by a mechanic-based approach, the study of amyloid
fibrils stabilities under high shear-rate (300s~!) was possible.
Compared to these researches, we produced the shear-force with
a confined convective flow in droplet, where its moderate shear-
rate (<100 s~1)37 is still responsible for the amyloid fibrils growth
process, as we observed in our experiments. Unlike the indirect
measurements based on fluorescence intensities, we provide a
direct imaging of the protein aggregation driven by a droplet
convective flow.

This is the first direct evidence, to our knowledge, in real-time
and at the single fibrils level, of amyloid fibrils aggregation and
growing, driven by a confined convective flow.

Morphology of amyloid fibrils deposition. Due to the steady
motion in the convective flow, the final deposited amyloid fibrils,
after drop evaporation and suspension on SHS, are much larger than
their initial size (Fig. 3a, b). The SEM images show that these fibrils
suspended between micro-pillars are around 100 nm diameter,
which is about 20 times larger than their initial size (~5nm).
Moreover, besides the common fibrils suspended between micro-
pillars, lots of “hair-pin” structures formed, at first evaporation
suspension stage, on the top of micro-pillars and observed (Fig. 3c,
d). We analyzed and imaged also these structures because they can
be of future interest for structural studies of protein aggregation.
Unlike the suspended amyloid fibrils with a uniform thickness along
the elongation axis, the “hair-pin” shows a very different diameter
size from its tip down to the root of the “hair-pin” (Fig. 3d). The
morphology of the final depositions are highly relying on the contact
pinning line and on the drop sliding-de-pinning process'®. The
capillary force between the droplet and micro-pillars during
the contact line and de-pinning is an important factor to align the
amyloid fibrils between pillars to form the highly oriented suspended
fibrils¢. The uniform “hair-pins” orientation indicates the fluidics
direction during the contact line de-pinning process (blue arrows in
Fig. 3¢), and is in agreement with the droplet de-pinning mechanism
we could image by fast camera, as shown in the next paragraph.
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Fig. 2 Simulated and experimental convective flow in water droplet on SHS for molecules driven. a Simulated convective flow field in droplet driven by
buoyancy force at AT=20K and at b, AT=25K. ¢ thermal imaging of water droplet on hotplate at AT=20K and at d, AT=25K. e Experimental
convective flow at AT=20K and at f, AT =25K. g Amyloid fibrils driven by confined convection flow in droplet at AT =25 K. The closed loops indicate
the total circulation of in droplet and the red arrow indicates the circulation direction. In general, the convection loop is pairwise, as we showed previously.
Here one of the loop is observed clearly, and the paired one is on the “back-side” of the droplet as shown with blue line. h-l Real-time tracking of a typical
amyloid fibrils assembling and growing driven by confined convective flow. Time stamps indicate the different frames of the imaging flow.
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Fig. 3 SEM images of final amyloid fibrils depositions on SHS after the drop evaporation. a, b Suspended and stretched amyloid fibrils with different size.
¢, d “Hair-pin” morphology formed on the top of micro-pillars. Scale bars are 5pum.

Contact line de-pinning dynamics. In general, a drop deposited
on a surface evaporates in two distinct evaporation modes: con-
stant contact angle (CCA) mode and constant contact radius
(CCR) mode, and the pinning de-pinning mode can be con-
sidered as a transition between CCA and CCR33. In our case, the
contact line defines also the de-pinning contour on the micro-
pillars. On the contrary, the pinning contour defines the new
contact line after one step of drop sliding caused by the droplet
evaporation. The CCA to CCR mode transition was reported in
our earlier research!®. Although several numerical and experi-
mental efforts have been reported to study the pinning and de-
pinning process, the real-time dynamic process is difficult to
describe analytically38-42,

To overcome this theoretical hurdle, we applied the ultra-fast
imaging technique with 30,000 frame-per-second (fps) in order to
study the de-pinning process. In particular, we were interested to
elucidate the micro-capillary bridge formation between pillars
and its dynamics in real-time (Fig. 4a and Supplementary
Movie 4). We analyzed the fluorescent signal coming from
microbeads dissolved in the droplet exclusively for this task. The
detailed analysis of fluorescence intensities at the contact area
(Fig. 4b) indicates a six-step evolution of the de-pinning
dynamics. Step I: steady-state before de-pinning. Step II:
transient-state during de-pinning by consequent formation of
stretched micro-capillary bridge between outer pillars and
droplets (red arrow in frame II of Fig. 4a). Due to the stretching,
a local dehydration caused an increase of the solute concentration
that gives a significant increase of fluorescence signal. Step III:
micro-capillary bridge stretching and drop sliding (red arrow in
frame III of Fig. 4a). In this time frame, a neck is forming, due to
Plateau-Rayleigh instability of the liquid, which is responsible for
the “hair-pin” shaped morphology reported in Fig. 3c, d*3*4. As a
consequence, the fluorescence intensity decreases slightly. Step
IV: micro-capillary bridge breaks and disappears, and a new
contact line pinning is formed on the proximal inner pillars.

Therefore, the fluorescence intensity decreases dramatically. Step
V: the de-pinning induces oscillation and disturbance from back
drop boundary, by producing a moderate variation of fluores-
cence intensity. Step VI: the system reaches a new pinning steady
state.

The dynamics of the amyloid fibrils’ depositions on SHS
clarified the fibrils growth process. Besides the temperature, the
de-pinning process induces the various fibrils morphologies and
it is worth to ask: is the depinning responsible for one of the
mechanism that generates the polymorphism*>46? To answer this
question, we investigated the molecular structures of hair-pin and
suspended fibrils with XRD and Raman spectroscopy.

Molecular structure characterization of amyloid fibrils on SHS.
2D-XRD and confocal Raman spectroscopy were used to char-
acterize the molecular structures of Lysozyme amyloid fibrils on
SHS (Supplementary Notes 6 and 7).

As in previous reports by many groups, the 2D-XRD of
amyloid fibrils show two distinctive patterns at ~4.7 A and 6-11
A, which correspond to the hydrogen bond spacing between
inner- and inter-strands in -sheets, respectively*’. Here, in our
experiments, our XRD pattern contains spots which corresponds
to 4.6 A and 92 A (Fig. 5a), which agree with what expected for
amyloid fibrils (Supplementary Note 6). In addition, unlike the
general 2D-XRD fiber patterns, which are arched and diffused at
around 4.7 A and 6-11 A, a diffraction pattern with spots was
acquired from our sample (Supplementary Note 6 and Supple-
mentary Fig. 12). In the sample there are single crystals with these
lattice spacings. On the other hand, the 2D-XRD patterns from
the depositions with “hair-pin” morphology is quite different
from the suspended S-sheet amyloid fibrils (Fig. 5b, Supplemen-
tary Note 6 and Supplementary Fig. 12d). Besides the typical 8-
sheet patterns at 4.8 A, we find several peaks arising around 4, 7,
and 22 A. We think that this might be caused by two possible
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Fig. 4 Images of the droplet contact line receding on micro-pillar arrays with ultra-fast imaging technique. a Six key steps during the depining process. |,
steady-state before depinning; Il, transient-state during depinning by forming stretched capillary bridge between outer pillars and droplets; Ill, capillary
bridge stretching and moving; 1V, capillary bridge break and disappear, contact line pinning to new area; V, disturbance from posterior pillar; VI, steady-
state after depinning. b Fluorescence intensity tracking corresponding to the six processes (I-VI) and the inner schematic drawing of the capillary bridge.
The fluorescence images are acquired with an ultra-fast camera (Phantom V2511) at 30,000 fps by Leica lens (2.0 x 9.2 x 1.6x).

reasons. First, it may indicate that there are some different
secondary structures involved in the “hair-pin” morphology.
Second, since the “hair-pins” orientations are different from
general suspended fibrils (Fig. 3d), the additional peaks might be
induced by modifications during the measurements. Therefore,
additional structure analysis on a single suspended amyloid fibrils
and single “hair-pin” is necessary. However, due to the
instrumental limitations of the 2D-XRD, it is impossible to
resolve the structure differences from single fiber and single “hair-
pin”.

Hence, additional analysis on a single suspended amyloid
fibrils and single “hair-pin” were performed by confocal Raman
spectroscopy (Supplementary Note 7 and Fig. 5c-i).

The suspended amyloid fibrils between micro-pillars on SHS
show a significant anisotropic Raman scattering at the Amide I
region (1600-1690 cm™1) under incident linear polarized laser
with two orthogonal laser polarization measurements (parallel
and orthogonal respect to hair pin/fiber axes) (532 nm) due to the
alignment of hydrogen bonds along fibrils axis (Fig. 5c¢), in
agreement with our previous reports*34°,

As we mentioned before, the “hair-pin” morphology is different
from its tip down to the root, therefore, the Raman signal of “hair-
pin” at different positions (ie., at tip, middle and root) was
measured (Fig. 5d). Since the Raman intensities are proportional
to the number of molecules, in comparison with the suspended
amyloid fibrils, the Raman signals of hair-pins at 1667 cm~1,
which is corresponding to the S-sheet structure, are much lower,

especially at their tip (HP-Tip) position. Since the peak at Amide I
region is a convolutional signal from three components, a-helix
(~1650 cm™1) structure, f-sheet (~1670cm™1) structure and
disordered (8, ~1690cm™!) structure®®, to understand these
components in detail, quantitative peak fitting analysis of the
Amide I region was performed (Fig. 5e-h). Three peaks
corresponding to a-helix structure, p-sheet structure and
disordered structure were fitted at 1654, 1667 and 1684 cm™1,
respectively (Fig. 5e-h). The percentage ratio of these three
components were calculated from their fitted peaks areas (Fig. 5i).
In suspended amyloid fibrils structures, the percentage ratio of
these three components are signed as 16.5+6.5, 79.7 +15, and
15.0 + 4.6 respectively, S-sheet structure is the major component,
in agreement with the XRD pattern. On the other hand, for the
“Hair-pin” structures, the percentage ratio of f-sheet at middle
and root position are 82.2 + 3.5 and 87.6 + 2.8, which are higher
than the ratio in suspended fibrils. We believe this is the
consequence of stretching directional effect from capillary force
during contact line de-pinning, as we discussed in last paragraph.
Hence, we believe that the anisotropic capillary force in the micro-
bridge not only arranges the molecules to assembling along the
bridge which induced a highly oriented S-sheet, but also induces a
reorganization of part of molecules in a-helix and disordered
structures into $-sheet structure. In addition, at the tip position of
“hair-pin”, although the B-sheet structure still is the major
component, its ratio is decreased to 43.0+1.9%, meanwhile
the ratios of a-helix and disordered structures are increased to
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Fig. 5 Molecular structure characterizations of lysozyme amyloid fibrils.

Raman shift (cm™)

HP-Tip HP-Mid HP-Root

SF

a XRD characterization of lysozyme amyloid fibrils suspended between two

pillars. b XRD characterization of hair-pin (HP) type lysozyme amyloid fibrils. ¢ Polarized Raman spectroscopy of SF. Parallel and perpendicular indicate the
fibril is parallel and perpendicular (right panel diagrams) to the incident laser’s polarization respectively. d Polarized Raman spectroscopy of SF and HP type
lysozyme amyloid fibrils at different positions (tip position, HP-Tip; middle position, HP-Mid; root position, HP-Root). e-h peak fitting of the measured

Raman spectroscopy corresponding to (d). a, a-helix structure; 8, f-sheet structure, &, disordered structure. i Calculated component ratio of the three main
structures (a, p, and 68) in SF and different positions of HP based on the Raman peaks fitting in (e-h). Error bars indicated the mean + standard deviation

from three different measurements.

344+9.2% and 22.6 +7.4%, respectively. Apparently, this is the
consequence of the capillary bridge breaking. Therefore, consider-
ing the whole picture, the secondary structures of the “hair-pin”
morphology is more complex than suspended fibrils, probably due
to its transient formation regime (highly out of equilibrium), as
confirmed by the XRD measurements.
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Hence, we confirmed that the de-pinning process modeled the
“hair-pin” morphology outwardly, but more importantly, caused
ununiform and more complex secondary structures at molecular
level, ie., induced the polymorphism in the lysozyme amyloid
fibrils. Since these polymorphisms were reported in many in vivo
conditions (in general, in vivo have much more complex flow
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Fig. 6 Prepared PHF6 fibrils on SHS and characterized by TEM, XRD, and Raman spectroscopy. a, b TEM image of PHF6 fibrils formed at 296 K (AT =
0K) and 318 K (AT =22 K). ¢ Width measurements of fibrils formed at 296 K and 318 K. d, e 2D XRD of PHF6 fibrils formed at 296 and 318K. f, g
Polarized Raman spectrum (parallel measurements) with cure fitting of PHF6 fibrils formed at 296 and 318 K.

Table 1 XRD spacing of amyloid fibrils formed from PHF6
peptides and full-length Tau protein (Tau441) at 296 K
and 318 K.

Structures Spacing from different samples (A)
PHFé6 Tau4d41
296 K 318K 296 K 318K
p-sheet 4.6 4.8 4.4 4.5
4.7 8.9 4.6 4.7
4.8 9.0 9.5 4.8
9.4
10.2
12.3
a-helix - 5.4 5.4 55
5.4
5.5
Un-known/disordered 5.1 5.1 3.9 3.9
6.1 5.2 5.2 5.1
6.2 5.9 53
6.3 6.1
6.7 6.3
6.8

field conditions)°1, we believe the extra flow field is an important
factor that induces the polymorphisms during the amyloid fibrils
formation. Indeed, as specific molecular conformations are
preferred in crystallization processes because of the forces present
in the crystals*®, here forces due to the extra flow field cause the
presence of local polymorphisms.

8

Amyloid fibrils formed from PHF6 on SHS and molecular
structures characterizations. We applied our sample prepara-
tions to PHF6°2 and followed drop solution-evaporation on SHS
(Fig. 6). Due to the convective induced molecular growth and
aggregation in the droplet, the fibrils formed at 318 K have much
larger size compare with the fibrils at 296 K (Fig. 6a, b). With the
measurements of various fibrils, the quantified data show that
the width of the fibrils formed at 296 K is 71 nm in average, while
the width of fibrils formed at 318 K is 202 nm in average (Fig. 6¢c).
Although the width distribution at 318 K is wider than 296K,
these fibrils have much larger average size. Then we measured the
2D-XRD and Raman spectrum of these fibrils. The XRD mea-
surements of fibrils formed at 296 K is shown in Fig. 6d. The peaks
centered at 4.7 A indicate the typical B-sheet structures. And
interestingly, a more detailed analysis shows that there are three
peaks at 4.6, 4.7, and 4.8 A (Table 1). Since the XRD measurement
area covered many fibrils, we think that these peaks indicate the
slight differences between various fibrils. In contrast, except for the
peaks at about 4.7 A, the XRD measurements of the fibrils formed
at 318 K (Fig. 6e) showed additional peaks at 5.4 and 9.0 A. The
5.4 A spacing should correspond to the a-helix structure, while,
the 9.0A may indicate the inter-layer spacing of B-sheet>.
Nevertheless, several peaks around 6.0 A are unknown, therefore,
more analysis with Raman spectroscopy was performed. These
fibrils have sensitive response to laser polarization (Supplementary
Note 8 and Supplementary Fig. 13) indicating their well-organized
B-sheet, as we discussed previously. More detailed analysis was
performed with peaks fitting (Fig. 6f, g). The fibrils show
increasing of B-sheet secondary structure (at about 1667 cm™~!) at
318 K (Fig. 6). Moreover, the FWHM of this peak is slightly lower
at 318 K (12cm™!) than at 296K (14 cm™!), indicating a higher
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fiber order. Notably, by comparing the ratio of the intensity values
at 1667 cm~! peak (polarization along the longitudinal axis), with
the intensity with orthogonal polarization, we found that at high
temperature, 318 K, this ratio is 17% lower. This could indicate a
general higher order of the fibrils structure in the high tempera-
ture case, especially in the orthogonal direction of the laser
polarization. And the results agree with MD calculations (Sup-
plementary Note 11).

Tau441 amyloid fibrils on SHS and molecular structures
characterizations. Tau441 full-length protein is an intrinsically
disordered protein and has never been studied in vitro in amyloid
fibrils form because of the difficulty in the experimental forma-
tion of its amyloid fibrils form®* (Supplementary Note 4 and
Supplementary Fig. 10). As we expected, the number of sus-
pended Tau441 fibrils is higher at 318 K (AT =22K) and their
length is longer than those at 296 K (room temperature, AT =
0K) conditions (Fig. 7a, b). They were characterized with XRD
and WAXS (Fig. 7). In the case of Tau fibrils at room temperature
(296 K), six relevant diffraction peaks (Table 1) are recognized at
44,46,52,5.3,54,and 9.5 A from XRD pattern (Fig. 7c). These
peaks indicated f-sheet (4.4, 4.6, and 9.5 A) and a-helix (5.4 A)
structures which are the main secondary structures in the
assemblies. On the other hand, in the case of fibrils formed at
high temperature (318 K), except for the typical inner S-sheet
spacing (4.5, 4.7, 4.8 A) and a slight shift of a-helix (5.5 A), two
important peaks at 10.2 and 12.3 A are measured (Table 1).
According to previous report from a recombinant Tau protein,
the peak at 10.2A is a typical inter-layer spacing of f-sheet,
however the peak at 12.3 A is unclear®3. To understand the peak
at 12.3A, we performed MD calculations (Supplementary
Note 11) which suggested that the inter-molecular distances
between facing subunits, at the interfaces between two lateral
Tau441 chains, result approximately 12 A along both the trajec-
tories (Supplementary Table 10). We attribute these results, even
if they are rather fluctuating along the simulations events, to the
12.3 A XRD peak registered at 318 K. Also, the MD simulations
suggest a higher variability of inter-molecular distances respect to
the intra-molecular distances (standard deviations in Supple-
mentary Tables 10 and 11, respectively), likely explaining the
smaller peak intensity at 12.5A of XRD measurement. Indeed,
these connections are responsible for the super-molecular archi-
tecture which represents a second step of aggregation, weaker
than the intra-molecular interactions. MD trajectories suggest
that the s-filaments (straight filament) proto-filament subunit
interface confers greater global stability than that in p-helical
(paired helical filament) arrangement (Supplementary Note 11
and Supplementary Fig. 19). The simulations could clarify the
peak at 12.3 A of XRD measurements registered only at high
temperature, suggesting that the laminar convective flow induces
the ordered molecular assembling, and that the fiber, formed at
high temperature, preferentially arranges in the more stable s-
filament morphology. These data confirm again that the amyloid
fibrils formed at 318 K have more intact molecular structures.
The 2D-WAXS measurements of the structures formed at 318
K (Fig. 7d-i) showed a typical fiber diffraction pattern (which was
never revealed from the XRD measurement, probably because of
the limited beam quality of the XRD instrument) with specific
peaks (Supplementary Note 10 and Supplementary Fig. 16).
These structures are highly ordered B-sheet amyloid fibrils>>°.
Fig. 7e shows two major peaks, marked as “1” and “2”, plus other
faint additional peaks. These two major peaks were fitted by
Gaussian function (Fig. 7f) to determine the peak position of 0.51
and 0.64 A—1, which means that the lattice planes distances are of
12.3+0.5 (“1”) and 9.8+ 0.5 A (“2”), respectively, in agreement

with XRD measurements. The same procedure of data reduction
(centering, calibration, 2D-1D folding, and background subtrac-
tion) was repeated also for Fig. 7g, resulting in the profile in
Fig. 7h. Here, apart for peak “2”, which is slightly moved with
respect to the same peak, and it is marked as “2”” in Fig. 7h,
additional peaks were measured. The most intense peak, marked
as “5”, representing the signature of f-amyloid character, is
reported in Fig. 7i. Supplementary Fig. 16i summarizes the results
of all the diffraction peaks and corresponding distances,
measured for Tau441.

Moreover, as we anticipated, the convective flow force field in
the droplet could induce a polymorphism of the fibril molecular
assembly and a limited variable disorder degree. In order to
clarify the degree of disorder of the formed structures, we
performed polarized Raman spectroscopy.

The polarized Raman spectroscopy and the relation with the
molecular structures of Tau441 fibrils is reported in Fig. 7j-m. In
particular, the amount of B-sheet (peak at about 1667 cm™!) is
consistently increased at high temperature at both investigated
polarization. At high temperature there is also a decrease of
unordered structures (peak at about 1685 cm™1) and an increase
of a-helix secondary structures (peak at about 1655cm~1!). Of
interest is also the change in the width of the fitted peak for the -
sheet component, which is consistently decreasing at 318 K and
with longitudinal polarization, again indicating the effect of the
laminar flow at higher temperature on the ordered assembly of
the Tau441 fibers in the orthogonal direction. This change of
behavior is more marked in Tau441 than in PHF6, in agreement
with the XRD data (Fig. 6) where the highest diffraction reflection
for PHF6 is found at about 9 A while for Tau441 is at about 12 A.
We found that the ratio of the longitudinal versus the orthogonal
polarization intensity area values of the 1667 cm~! is almost half
at 318 K than at 296 K. This is an indication of a higher order
aggregation in the orthogonal axis achieved only in flow field at
318 K. In addition, the f3 sheet ratio in the fibrils formed at 318 K
(74%, Fig. 71) is two times higher than the fibrils at 296 K (35%,
Fig. 7j). The increasing of the f-sheet ratio should be induced by
the confinement of the disordered component, which percentage
decreased from 27% in 296 K condition to 3% in 318 K condition.
We can call this confinement phenomenon as §-to-f transforma-
tion. Again, it indicates that the flow field is playing an important
role to produce well-confined amyloid fibrils.

Therefore, for the first time, to our knowledge, we showed
experimentally that amyloid fibrils can be produced with full-
length Tau441 protein in a droplet reactor without cofactors.
With the conjoint Raman, XRD and WAXS analysis, the
molecular structures of these fibrils were clarified, including the
relative polymorphism.

Discussion

We developed a methodology and platform to observe, optimize
and experimentally control the growth of ordered fibrils of pro-
teins of medical interest by a confined convective flow in droplet
on a SHS by real-time study of the dynamics of protein fiber
growth. We showed that the ordered fiber aggregation phenom-
enon is driven by the optimized confined convective flow. The
complex growing and deposition mechanisms were recorded both
in stationary and fast dynamic conditions showing the very first
evidence of protein assembling and growing optimal conditions.
The optical imaging based on light-sheet microscopy allowed the
understanding of optimal stationary thermo-fluidic growth con-
ditions, the ultra-high-speed imaging technique revealed the fast
dynamics of contact line de-pinning during the droplet eva-
poration and provided an explanation of the morphological
diversities of the final deposition construct. The molecular
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structures of the protein assemblies were analyzed and resolved
with XRD, SAXS/WAXS and confocal Raman spectroscopy giv-
ing a confirmation of the ordered character of the deposited
protein fibrils. The MD study confirmed the structural results
deduced by the experiments. It is worth notice that for the
first time, we were able to obtain amyloid like aggregation of
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full-length Tau protein without the aid of any aggregation
cofactor, therefore providing a possible protocol for future
experimental work for protein structure characterization of Tau
proteins and other type of proteins difficult to characterize. With
complementary Raman, XRD and WAXS characterization, the
molecular structures of these fibrils were inspected, including
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Fig. 7 Prepared Tau441 fibrils on SHS and characterized with XRD, WAXS, and polarized Raman spectra. a Tau441 fibrils formed at 318 K (AT =22 K)
and b, Tau441 fibrils formed at 296 K (AT = 0K). ¢ Experimental (red and blue peaks) and calculated amyloid fibrils (green peaks) XRD of suspended
fibrils formed form Tau441. Tau441_296 K and Tau441_318 K indicate the fibrils formed from Tau441 at room temperature (296 K) and high temperature
(318 K), respectively. d 2D WAXS of Tau441, collected at 3 cm in the point marked as (1) in Supplementary Fig. 14, shows a fiber pattern (anisotropic
distribution of intensity with lobes). e 1D WAXS, after calibration and folding of the corresponding 2D WAXS pattern in (d), shows two main peaks, marked
as 1 and 2, plus additional faint peaks. f Gaussian fitting of the peaks 1 and 2. g 2D WAXS of Tau441, collected at 10 cm, across the area marked as 3
in Supplymentary Fig. 14. h 1D WAXS, after calibration and folding of the corresponding 2D WAXS pattern in (g), shows the peaks marked as 2', 3, 4 and 5.
i Gaussian fitting of the peak 5. Results of the fitting in Supplementary Notes 10. j-m Raman spectra of Tau full length both at 296 K and 318 K.
Deconvolution of Amide | indicate the components a-helix (a), f-sheet (8) and disordered structure (). j-k Deconvolution of Amide | of Tau441 Raman
spectrum at 296 K and laser polarization parallel to fibrils (//) and laser polarization perpendicular to fibrils (_L). I-m Deconvolution of Amide | of Tau441
Raman spectrum at 318 K and laser polarization parallel to fibrils (//) and laser polarization perpendicular to fibrils (L).

some polymorphism aspects studied as both a function of non-
equilibrium growth conditions (depinning) and a function of
temperature gradient (Table 1). From the above analysis, for
PHF6 and Tau441 at 296 K and 318 K, and from diffraction data
reported in Table 1, it emerges that the additional peaks measured
at higher temperature are a manifestation of structural poly-
morphism. In fact, at higher temperature, we obtained, both for
PHF6 and Tau441, additional peaks related to intermolecular
order, as explained above, showing that the temperature and flux
conditions are responsible for polymorphism. This is an impor-
tant finding of this work, because it clarifies the wide structural
variability found in vitro conditions. These results clearly show
the importance of laminar flow in protein aggregation. From a
bio-medical point of view this method can therefore, on one side,
help in the growth of protein fibrils to be used for further char-
acterization of their molecular structure with classical crystal-
lographic and spectroscopic methods. Besides, it can help to
elucidate other processes of aggregation that can be difficult to
prove experimentally, such as for example the importance of
laminar flow and molecular crowding in the interstitial fluid of
the brain, where these amyloid aggregates have their most fatal
consequences. With these findings we plan to extend the present
experimental platform to a wider category of proteins in order to
help in elucidating their unknown structures. These proteins will
certainly include all categories of intrinsically disordered proteins
given the difficulty in characterizing their full-length structure,
either with X-ray crystallography or NMR. Moreover, we could
envision that this device will have an application even in the
growth of fibrils of membrane proteins (as from our preliminary
experimental data for MHC-I protein) embedded in an amphi-
philic environment, which is again a difficult task to perform with
classical preparation for crystallography methods. In pharma-
cology, this method could be applied to form ordered fibrils of
molecules interacting with their test drug.

Methods
SHS design and fabrication. The SHS with micro-pillars array was fabricated
based on our previous reports!®. In brief, the pattern was designed and fabricated
as a radial array of pillars with 18 um radial pitch and each of the pillar having a
diameter of 6 um and height of 10-20 pm on a 4-inch standard Si <100> wafer with
500 um thickness. In addition, an alternative SHS with micro-pillars and micro-
holes array was made for XRD and WAXS measurements. The fabrication com-
bines optical lithography and deep reactive ion etching (DRIE) techniques. We
employed 4-inch Si <100> wafer with 50 um thickness. In the first step, the pillar
geometry was obtained by optical lithography with negative resist. A DRIE process
(Plasma Lab System 100, Oxford Instr.), was used for the etching of Si substrate
obtaining a final pillars height of about 20 um. After that, the substrate underwent
to a second lithography and DRIE to finally create substrate inter-pillar micro-
holes. Finally, per-fluor-decyl-trichloro-silane (FDTS) was deposited on the surface
by a Molecular Vapor Deposition System (MVD100E, Applied MST). The mor-
phology and the super-hydrophobicity of the substrates were characterized with
scanning electron microscopy (SEM, FEI Quanta 600) and contact angle mea-
surements (Supplementary Fig. 1).

Deposited sample on SHS are characterized by SEM or transmission electron
microscopy (TEM, FEI Tecnai G2).

Lab-built LSM for droplet imaging. The customized LSM droplet imaging system
(Supplementary Fig. 2) was designed and built based on the OpenSPIM>’. In brief,
a 200-mW 532-nm laser (OXXIUS, France) was aligned to pass-through a beam-
expander (two convex lens) and a cylindrical lens (f= 50 mm, Thorlabs, USA) to
form a laser sheet. The laser sheet width was modulated by a mechanical slit then
reflected and focused to a droplet on SHS (Supplementary Fig. 2a). Band-pass filter
(610 + 20 nm, Thorlabs, USA) purified the emitted fluorescence and the images
were acquired by a high-speed CMOS camera (ORCA-Flash, HAMAMATSU,
Japan) set behind a x4 microscope objective lens (Plan Fluor, Nikon, Japan) and
imaging tube lens (TTL200, Thorlabs, USA) (Supplementary Fig. 2b). In addition, a
thermal camera (Vario CAM head Hires 640 G sl, InfraTec GmbH, Germany) was
set to map the temperature in droplet with 10 fps and a data correction process
(Supplementary Fig. 2a).

In a second set-up, the ultra-fast camera (Phantom v2511, Vision Research,
USA) and Leica lens-set (2.0 x 9.2 x 1.6x) were used to investigate the droplet
sliding dynamics during the evaporation (Supplementary Fig. 3).

A SHS was placed on the specimen stage, and its temperature was controlled by
a thermoelectric effect hot-plate (THE) and lab-written LabVIEW program
(Supplementary Fig. 2c).

In order to study the fast sliding transition from proximal pillars, a Melamine
resin based micro-bead labeled with Rhodamine (5.0-um in diameter, Sigma,
Switzerland) was dispersed in water and diluted to 5.0 x 10° particles/ml. Then,
6.0 uL of this solution was dropped on the SHS for imaging. The images acquired
from CMOS camera were analyzed with single-particle tracking algorithm based on
Image]°8.

Numerical model of convection in droplet and simulation. ANSYS®, Release
19.1 (Fluent solver) is used to solve the governing equations, using the pressure-
based finite volume scheme, the pressure-velocity coupling is solved using the PISO
algorithm with PRESTO spatial discretization for pressure and Second Order
Upwind for Momentum, Density and Energy equations. More details were shown
in Supplementary Note 3.

Protein samples preparation. Pre-formed lysozyme amyloid fibrils were pro-
duced starting from a solution of HEWL powder (Sigma) (10 mg/ml) in MilliQ
water according to previous reports?*>%, Full-length Tau (Tau441, 441 amino acids
in length) was purchased in lyophilized form (buffer prior lyophilization: 50 mM
Tris-HCI pH 7.5, 150 mM NaCl, 0.25 mM DTT, 0.1 mM PMSF) from SignalChem
(Richmond, BC, Canada). And PHF6 peptide was purchased as acetyl-PHF6-
amide-trifluoroacetate salt (sequence: VQIVYK, PDB file: 20N9) from Bachem
(Bachem AG, Switzerland). The pre-formed HEWL lysozyme amyloid fibrils, PHF6
peptide solution and Tau441 protein solution were characterized with AFM (JPK
Nanowizard III and Fig. 10) to confirm their initial state. More details are shown in
Supplementary Note 4.

These protein solutions were dropped on the SHS for evaporation with
temperature control which was mentioned previous. The residues after droplet
evaporation were characterized with SEM/TEM, XRD, Raman spectroscopy, and
SAXS/WAXS for morphology and molecular structure analysis.

XRD measurements. The SHS with micro-holes were used for protein self-
aggregation and suspension from a sessile droplet. After drying at same condition,
even the substrates alone (with no deposited proteins) were characterized by X-ray
diffractometer with 2D detector (D8 Venture, Bruker, USA).To minimize the
diffraction signal from substrate, the SHS was glued to stand on a tip vertically and
orthogonal to X-ray source (Cu target, 50 kV) perpendicularly (Supplementary
Note 6 and Supplementary Fig. 12). The diffraction patterns were acquired by a
detector at 40 mm distance with 600 s exposure time.

Laser confocal Raman measurements. Raman spectrum of the deposited protein
fibrils were measured with a laser confocal Raman microscopy (Alpha300 RA,

WITec, Germany). The back Raman scattering signal under 4-mW 532 nm laser
(Coherent Compass Sapphire Laser) was collected by a x100 objective lens (Zeiss,
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EC EPIPLAN NEOFLUAR, 0.9 NA) and then detected by a CCD detector (DU970)
at —65 °C. For each measurement at least three spectra were collected, baseline
subtracted with a polynomial curve of grade 5, normalized at the peak 1450 cm~1,
and averaged. Fitting of Amide I peak was performed by using three Voigt func-
tions each centered at 1655, 1668, and 1685 cm™1, related to a-helix, S-sheet and
disordered secondary structure of the protein, respectively. More details shown in
Supplementary Note 7.

SAXS and WAXS measurements. SAXS and WAXS data were collected at the X-
ray Microlmaging Laboratory (XMI-Lab) which is equipped with a super bright
synchrotron class table top X-ray micro-source (Cu Ka, A = 0.15405 nm, 2475 W,
rotating anode) coupled, by a multilayer focusing optics (Confocal Max-Flux; CMF
15-105), to a SAXS/WAXS three pinhole Rigaku SMAX-3000 camera (Supple-
mentary Note 10 and Supplementary Fig. 14a).

MD calculation. MD simulations of PHF6 (50 ns) and Tau441 (two morphologies
for 30 ns each) were performed applying the same protocol as shown in Supple-
mentary Note 11.

Statistics and reproducibility. Our measurements on prepared samples are based
on basic data statistics. The multiple (>10) samples with prepared protein fibers are
measured by Raman, XRD and WAXS/SAXS for data statistics.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All source data underlying the graphs and charts presented in the main figures are
available through Dryad https://datadryad.org/stash/share/UpN68kYKnBxs4z5iPvGo9-
HbybXiXtfTDOKc7KKfwo8.

Received: 21 January 2020; Accepted: 31 July 2020;
Published online: 20 August 2020

References

1. Chiti, F. & Dobson, C. M. Protein misfolding, amyloid formation, and human
disease: a summary of progress over the last decade. Annu Rev. Biochem 86,
27-68 (2017).

2. Soto, C. & Pritzkow, S. Protein misfolding, aggregation, and conformational
strains in neurodegenerative diseases. Nat. Neurosci. 21, 1332-1340 (2018).

3. Goedert, M, Eisenberg, D. S. & Crowther, R. A. Propagation of Tau aggregates
and neurodegeneration. Annu Rev. Neurosci. 40, 189-210 (2017).

4. Fichou, Y. et al. The elusive tau molecular structures: can we translate the
recent breakthroughs into new targets for intervention? Acta Neuropathol.
Commun. 7, 31-31 (2019).

5. Sibille, N. et al. Structural Impact of heparin binding to full-length Tau as
studied by NMR spectroscopy. Biochem.-Us 45, 12560-12572 (2006).

6. Trumbore, C. N. Shear-induced amyloid formation in the brain: III. The roles
of shear energy and seeding in a proposed shear model. J. Alzheimers Dis. 65,
47-70 (2018).

7. Petkova, A. T. et al. Self-propagating, molecular-level polymorphism in
Alzheimer’s beta-amyloid fibrils. Science 307, 262-265 (2005).

8. Dunstan, D. E., Hamilton-Brown, P., Asimakis, P., Ducker, W. & Bertolini, J.
Shear-induced structure and mechanics of beta-lactoglobulin amyloid fibrils.
Soft Matter 5, 5020-5028 (2009).

9. Teoh, C. L. et al. Shear flow induced changes in apolipoprotein C-II
conformation and amyloid fibril formation. Biochemistry 50, 4046-4057
(2011).

10. Bekard, I. B., Asimakis, P., Bertolini, J]. & Dunstan, D. E. The effects of shear
flow on protein structure and function. Biopolymers 95, 733-745 (2011).

11. Dunstan, D. E., Hamilton-Brown, P., Asimakis, P., Ducker, W. & Bertolini, J.
Shear flow promotes amyloid-{beta} fibrilization. Protein Eng. Des. Sel. 22,
741-746 (2009).

12. Hill, E. K., Krebs, B., Goodall, D. G., Howlett, G. J. & Dunstan, D. E. Shear
flow induces amyloid fibril formation. Biomacromolecules 7, 10-13 (2006).

13. Jaspe, J. & Hagen, S. J. Do protein molecules unfold in a simple shear flow?
Biophys. ]. 91, 3415-3424 (2006).

14. Herling, T. W, Levin, A., Saar, K. L., Dobson, C. M. & Knowles, T. P. J.
Microfluidic approaches for probing amyloid assembly and behaviour. Lab
Chip 18, 999-1016 (2018).

15. Fodera, V., Pagliara, S., Otto, O., Keyser, U. F. & Donald, A. M. Microfluidics
reveals a flow-induced large-scale polymorphism of protein aggregates. J. Phys.
Chem. Lett. 3, 2803-2807 (2012).

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

De Angelis, F. et al. Breaking the diffusion limit with super-hydrophobic
delivery of molecules to plasmonic nanofocusing SERS structures. Nat.
Photonics 5, 682-687 (2011).

Gentile, F. et al. Direct imaging of DNA fibers: the visage of double helix.
Nano Lett. 12, 6453-6458 (2012).

Marini, M. et al. The structure of DNA by direct imaging. Sci. Adv. 1,
1500734 (2015).

Coluccio, M. L. et al. Detection of single amino acid mutation in human breast
cancer by disordered plasmonic self-similar chain. Sci. Adv. 1, 1500487
(2015).

Sperling, M. & Gradzielski, M. Droplets, evaporation and a superhydrophobic
surface: simple tools for guiding colloidal particles into complex materials.
Gels 3, 15 (2017).

Scarratt, L. R. J., Steiner, U. & Neto, C. A review on the mechanical and
thermodynamic robustness of superhydrophobic surfaces. Adv. Colloid
Interface Sci. 246, 133-152 (2017).

Lotito, V. & Zambelli, T. Approaches to self-assembly of colloidal monolayers:
a guide for nanotechnologists. Adv. Colloid Interface Sci. 246, 217-274 (2017).
Pan, Z., Dash, S., Weibel, J. A. & Garimella, S. V. Assessment of water droplet
evaporation mechanisms on hydrophobic and superhydrophobic substrates.
Langmuir 29, 15831-15841 (2013).

Xu, W, Leeladhar, R., Kang, Y. T. & Choi, C. H. Evaporation kinetics of sessile
water droplets on micropillared superhydrophobic surfaces. Langmuir 29,
6032-6041 (2013).

Trantum, J. R. et al. Cross-sectional tracking of particle motion in evaporating
drops: flow fields and interfacial accumulation. Langmuir 29, 6221-6231
(2013).

Kang, K. H., Lim, H. C,, Lee, H. W. & Lee, S. J. Evaporation-induced

saline Rayleigh convection inside a colloidal droplet. Phys. Fluids 25, 042001
(2013).

Ganguly, P. et al. Tau assembly: the dominant role of PHF6 (VQIVYK) in
microtubule binding region repeat R3. J. Phys. Chem. B 119, 4582-4593
(2015).

Sawaya, M. R. et al. Atomic structures of amyloid cross-beta spines reveal
varied steric zippers. Nature 447, 453-457 (2007).

Perez, M. et al. The role of the VQIVYK peptide in tau protein
phosphorylation. J. Neurochem. 103, 1447-1460 (2007).

Autiero, I, Saviano, M. & Langella, E. In silico investigation and targeting of
amyloid beta oligomers of different size. Mol. Biosyst. 9, 2118-2124 (2013).
Hess, B., Kutzner, C., van der Spoel, D. & Lindahl, E. GROMACS 4:
algorithms for highly efficient, load-balanced, and scalable molecular
simulation. J. Chem. Theory Comput. 4, 435-447 (2008).

Autiero, I, Ruvo, M., Improta, R. & Vitagliano, L. The intrinsic flexibility of
the aptamer targeting the ribosomal protein S8 is a key factor for the
molecular recognition. Biochim Biophys. Acta Gen. Subj. 1862, 1006-1016
(2018).

Chawla, M., Autiero, I, Oliva, R. & Cavallo, L. Energetics and dynamics of the
non-natural fluorescent 4AP:DAP base pair. Phys. Chem. Chem. Phys. 20,
3699-3709 (2018).

McBride, S. A., Sanford, S. P., Lopez, J. M. & Hirsa, A. H. Shear-induced
amyloid fibrillization: the role of inertia. Soft Matter 12, 3461-3467 (2016).
Yuan, T. Z. et al. Shear-stress-mediated refolding of proteins from aggregates
and inclusion bodies. Chembiochem 16, 393-396 (2015).

Moretti, M. et al. Confined laminar flow on a super-hydrophobic surface
drives the initial stages of tau protein aggregation. Microelectron. Eng. 191,
54-59 (2018).

Hyers, R. W. Fluid flow effects in levitated droplets. Meas. Sci. Technol. 16,
394-401 (2005).

Mazloomi Moqaddam, A., Derome, D. & Carmeliet, ]. Dynamics of contact
line pinning and depinning of droplets evaporating on microribs. Langmuir
34, 5635-5645 (2018).

Paxson, A. T. & Varanasi, K. K. Self-similarity of contact line depinning from
textured surfaces. Nat. Commun. 4, 1492 (2013).

Yu, D. I et al. Dynamics of contact line depinning during droplet evaporation
based on thermodynamics. Langmuir 31, 1950-1957 (2015).

Liimatainen, V. et al. Mapping microscale wetting variations on biological and
synthetic water-repellent surfaces. Nat. Commun. 8, 1798 (2017).

Wells, G. G. et al. Snap evaporation of droplets on smooth topographies. Nat.
Commun. 9, 1380 (2018).

Papageorgiou, D. T. On the breakup of viscous-liquid threads. Phys. Fluids 7,
1529-1544 (1995).

Eggers, J. Nonlinear dynamics and breakup of free-surface flows. Rev. Mod.
Phys. 69, 865-929 (1997).

Fandrich, M. et al. Amyloid fibril polymorphism: a challenge for molecular
imaging and therapy. J. Intern. Med. 283, 218-237 (2018).

Yu, L., Reutzel-Edens, S. M. & Mitchell, C. A. Crystallization and
polymorphism of conformationally flexible molecules: problems, patterns, and
strategies. Org. Process Res. Dev. 4, 396-402 (2000).

12 COMMUNICATIONS BIOLOGY | (2020)3:457 | https://doi.org/10.1038/s42003-020-01187-7 | www.nature.com/commsbio


https://datadryad.org/stash/share/UpN68kYKnBxs4z5iPvGo9-HbybXiXtfTD0Kc7KKfwo8
https://datadryad.org/stash/share/UpN68kYKnBxs4z5iPvGo9-HbybXiXtfTD0Kc7KKfwo8
www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01187-7

ARTICLE

47. Greenwald, J. & Riek, R. Biology of amyloid: structure, function, and
regulation. Structure 18, 1244-1260 (2010).

48. Wood, R. W. & Collins, G. Raman spectra of a series of normal alcohols and
other compounds. Phys. Rev. 42, 0386-0392 (1932).

49. Moretti, M. et al. Raman study of lysozyme amyloid fibrils suspended on
super-hydrophobic surfaces by shear flow. Microelectron. Eng. 178, 194-198
(2017).

50. Maiti, N. C,, Apetri, M. M., Zagorski, M. G., Carey, P. R. & Anderson, V. E.
Raman spectroscopic characterization of secondary structure in natively
unfolded proteins: alpha-synuclein. J. Am. Chem. Soc. 126, 2399-2408 (2004).

51. Annamalai, K. et al. Polymorphism of amyloid fibrils in vivo. Angew. Chem.
Int. Ed. Engl. 55, 4822-4825 (2016).

52. Huang, A. & Stultz, C. M. Conformational sampling with implicit solvent models:
application to the PHF6 peptide in tau protein. Biophys. J. 92, 34-45 (2007).

53. Berriman, J. et al. Tau filaments from human brain and from in vitro assembly
of recombinant protein show cross-beta structure. Proc. Natl Acad. Sci. USA
100, 9034-9038 (2003).

54. Seidler, P. M. et al. Structure-based inhibitors of tau aggregation. Nat. Chem.
10, 170-176 (2018).

55. Balbirnie, M., Grothe, R. & Eisenberg, D. S. An amyloid-forming peptide from
the yeast prion Sup35 reveals a dehydrated beta-sheet structure for amyloid.
Proc. Natl Acad. Sci. USA 98, 2375-2380 (2001).

56. Maurer-Stroh, S. et al. Exploring the sequence determinants of amyloid
structure using position-specific scoring matrices. Nat. Methods 7, 237-242
(2010).

57. Pitrone, P. G. et al. OpenSPIM: an open-access light-sheet microscopy
platform. Nat. Methods 10, 598-599 (2013).

58. Tinevez, J. Y. et al. TrackMate: an open and extensible platform for single-
particle tracking. Methods 115, 80-90 (2017).

59. Morozova-Roche, L. A. et al. Amyloid fibril formation and seeding by wild-
type human lysozyme and its disease-related mutational variants. J. Struct.
Biol. 130, 339-351 (2000).

Acknowledgements

The authors acknowledge financial support from King Abdullah University of Science
and Technology for OCRF-2014-CRG and OCRF-2016-CRG grants and from Piedmont
Region through European Funds for Regional Development (“Food Digital Monitoring”
project). And Istituto di Cristallografia—Consiglio Nazionale delle Ricerche (IC-CNR)
would like to thank the funding from MIUR (Italian Ministry for Education, University
and Re-search) in the “PON Ricerca e Competitivita 2007-2013” Program: ReCa$
(Azione I—Interventi di rafforzamento strutturale, PONa3_00052, Avviso 254/Ric) and
PRISMA (Asse II—Sostegno Il'innovazione, PON04a2_A).

Author contributions

E.D.F. provided the original idea and managed all progress. P.Z. and M.A. fabricated SHS
substrates. P.Z. carried the optical and thermal imaging platform construction, data
collection and analysis for droplet on SHS. P.Z. and M. Moretti prepared the protein
samples for analysis. P.Z.,, Y.T., EL., and S.T.T. worked for the ultra-fast imaging of the
droplet on SHS. J.O., P.Z., and S.M.S. carried the simulation of convective flow in droplet.
P.Z. carried 2D-XRD measurements and data analysis. P.Z., M. Moretti, G.D. and A.G.
worked for the Raman spectroscopy measurements and analysis. D.A. and C.G. worked
for the SAXS/WAXS measurements and data analysis. I.A. carried MD calculations. B.T.
and A.G. contributed the thermal camera and Raman instruments constructions. F.G.,
N.M., and M. Marini helped the idea development. P.Z. and E.D.F. wrote the final
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s42003-
020-01187-7.

Correspondence and requests for materials should be addressed to E.D.F.
Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

COMMUNICATIONS BIOLOGY | (2020)3:457 | https://doi.org/10.1038/s42003-020-01187-7 | www.nature.com/commsbio 13


https://doi.org/10.1038/s42003-020-01187-7
https://doi.org/10.1038/s42003-020-01187-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	A droplet reactor on a super-hydrophobic surface allows control and characterization of amyloid fibril growth
	Results
	Protein amyloid fibrils assembling and growing driven by confined convective flow
	Morphology of amyloid fibrils deposition
	Contact line de-pinning dynamics
	Molecular structure characterization of amyloid fibrils on SHS
	Amyloid fibrils formed from PHF6 on SHS and molecular structures characterizations
	Tau441 amyloid fibrils on SHS and molecular structures characterizations

	Discussion
	Methods
	SHS design and fabrication
	Lab-built LSM for droplet imaging
	Numerical model of convection in droplet and simulation
	Protein samples preparation
	XRD measurements
	Laser confocal Raman measurements
	SAXS and WAXS measurements
	MD calculation
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




