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Nanoscale hyperspectral imaging of the amyloid secondary
structure in liquid

Ewelina Lipiec, Janina Kaderli, Jan Kobierski, Roland Riek, Katarzyna Skirlinska-Nosek, Kamila
Sofinska, Marek Szymonski, and Renato Zenobi*

Abstract: Abnormal aggregation of amyloid-@ is a very complex and heterogeneous process. Due to methodological limitations, the aggregation
pathway is still not fully understood. In this communication a new approach is presented in which the secondary structure of single amyloid-8
aggregates is investigated with tip-enhanced Raman spectroscopy (TERS) in a liquid environment. This methodology provided more information
about the secondary structure of proteins and peptides than TERS data acquired in dry conditions. Clearly resolved TERS signatures of the
amide | and amide lll bands enabled a detailed analysis of the molecular structure of single aggregates at each phase of the primary aggregation
of amyloid-B. Notably, a B-sheet rearrangement from antiparallel in protofibrils to parallel in fibrils is directly observed. This study allows for
better understanding of Alzheimer’s disease etiology and the methodology can be applied in studies of other neurodegenerative disorders.
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Experimental Procedures

Substrates preparation

The flame-annealed template stripped gold substrates were prepared according to the procedure reported by Banner et al.l"l Briefly,
Si wafers after careful cleaning in acetone, ethanol, and deionised water and drying were coated with a 100 nm gold layer using a
deposition rate of 0.03 - 0.04 nm/s. The gold coated Si-wafers were flame-annealed using a Bunsen burner powered by natural gas
for 4 mins. Then the flame-annealed gold surfaces were glued to clean Si-wafers, with a thin layer of UHU® glue and pressed tightly.
The glue was allowed to dry overnight under ambient conditions and the gold substrate templates were stored under vacuum until
use. Before the sample deposition, each gold-coated Si-wafer was stripped off using a razor blade, exposing a contamination-free
and flat substrate.

Samples preparation

The AB142 solution was prepared according to the protocol, which was applied and described in details in our previous studies.”? A 5
mM solution of AB142in DMSO (DMSO; = 99.8 % (GC), for UV-spectroscopy, Sigma Aldrich) was prepared and stored at -20 °C.
Such prepared stock solution was diluted to a final concentration of 100 uM using either freshly prepared 10 mM HCI in milli-Q water
(pH 2.0) or phosphate buffer (pH 7.4) for comparison. The resulting AB1-42 solution was incubated at 37 °C in the darkness for 24
hours.

A template stripped gold substrate was glued to the middle of the liquid cell AFM sample holder. A droplet (30 - 40 pL) of AB1-42
solution was deposited on the substrate for 40 - 60 mins at ambient temperature. Subsequently the substrate was rinsed with 0.5 mL
milli-Q water to remove the excess of the peptide, which did not adsorb on the gold surface. Then the liquid cell was immediately
filled with mili-Q water to avoid changes in peptide conformation upon drying.

Comprehensive studies of such prepared AB1.42 solutions were earlier performed. The individual steps of the aggregation were
followed by the surface independent method ATR-FTIR and also AFM measurements under ambient conditions. Spectra and images
were acquired from peptide aggregating for 0, 1, 2, 4, 6, 12, 18, 24, 36 h, and after 7 days. The detailed description of these
measurements and their results are presented in our previous article.””! The ATR-FTIR spectra of AB142 prepared at pH 2 and pH 7.4
did not display any conformational differences suggesting alternative aggregation pathway.

AFM imaging in liquid

The AFM image in Figure 1 D was acquired in tapping mode in water environment with 512 x 512 pixels and a 0.5 Hz scanning rate
using probes dedicated to measurements in liquids supplied by Veeco.

AFM maps presented in Figure 2 and 3 (main text) and FigureS2-S4, were acquired in tapping mode (with 512 x 512 pixels and a
0.2-0.5 Hz scanning rate) just before TER maps acquisition using VIT P C-A, NT-MDT coated with Ti/Au according to the procedure
described below.

TERS probes preparation
AFM cantilevers (VIT P C-A, NT-MDT) were coated with 5 nm of a Ti adhesion layer and then with 20 - 25 nm of Au using a constant
deposition rate of 0.03 - 0.04 nm/s, under 10-® mbar vacuum.

TER spectra acquisition
The measurements were carried out on a Ntegra Spectra Upright instrument (NT-MDT, Zelenograd, Russia) integrated with a solar
TIl Raman spectrometer and an Andor Newton 971 UVB CCD camera (cooled to -86 °C). The system was equipped with a specially
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designed head for AFM in liquids. A red HeNe laser (632.8 nm) was applied (139 - 1209 yW). Single TER spectra, arrays of spectra
and maps were collected in the spectral range of 150 - 1800 cm™ with a spectral resolution of 2cm'. The acquisition time of a single
spectrum was set to 5 - 15 s depending on the signal-to-noise ratio (SNR).

Data Processing

All the topographic AFM images were flattened by a 2™ or 3™ order polynomial correction using SPIP software. TER spectra and
maps were processed using Matlab (version 8.3.0, R2019a) in combination with the PLS toolbox and Mia toolbox
(http://www.eigenvector.com/). In order to obtain a high enhancement factor, a metallic (gold) substrate was used (gap-mode TERS).
In this configuration, the locally induced gap plasmon has a critical impact on the TERS enhancement. The baseline and SNR vary in
the spectra acquired from various places on the sample. Therefore, in order to avoid an influence of the baseline and the noise on the
results of Hierarchical Cluster Analysis, and also to present multiple spectra in one plot for comparison (e.g. Figure 2, Figure S3) and
for demonstrating spectral changes related to the secondary structure, minimal processing of the spectra, which did not introduce
artifacts and did not affect peak ratios, was applied. First cosmic rays were removed and the Savitzky—Golay algorithm was applied
for smoothing (2" order polynomial, 9-15 smoothing points). Then a baseline correction (2™ - 4" order polynomial) and vector
normalization (1750 — 650 cm™) were performed.

DFT calculation procedures
Geometry optimization and frequency calculations of L-alanyl-L-phenylalanine (Ala-Phe) peptide were performed using Density
Functional Theory (DFT) modeling through the Gaussian 16 software package.®! All calculations were performed using the B3LYP
functional®"! with 6-311+G(d,p) basis set. Systems were optimized using the default UltraFine integration grid, default integral cutoffs
and a combination of EDIIS and CDIIS tight convergence procedures, with no damping or Fermi broadening.
Three systems were optimized: Ala-Phe in a vacuum, Ala-Phe in the presence of two explicit water molecules, and Ala-Phe in the
presence of water as solvent, using the Polarizable Continuum Model (see
). For the model with explicit water molecules, the base superposition error (BSSE) was eliminated by using the counterpoise
correction. The raw frequencies obtained from the vibrational simulation were scaled by the factor 0.989, found on the basis of a
1004 cm™" peak corresponding to CC breathing in the aromatic ring.l®!
The theoretical Raman intensities were calculated according to the formula ©!:

IR = C(vo — v)*Vi 1B LS,
where C is a constant given in arbitrary units, S; and v, are the calculated Raman scattering activity and the frequency of the normal
mode Q,, respectively. N, is the frequency of the laser excitation line. In this work, the 15 798 cm™ frequency was incorporated to
calculations, what corresponds to 633 nm, a wavelength emitted by diode laser used in experiments. B; is a temperature factor which
accounts for the intensity contribution of excited vibrational states and is represented by the Boltzmann distribution:

hcvl-)

Bi=1—exp<— T

where h, k, c are Planck’s constant, the Boltzmann constant, and the speed of light, respectively. T stands for temperature, which
was 293 K.

Results and Discussion

Figure 1D and E detailed description

Profiles 1-3 are clearly smoother and thinner in comparison to profiles 4-6 and 7-9, while their height is between that of profiles 7-9
(the lowest species) and 4-6 (the highest objects). The morphology of profiles 1-3 indicates the most ordered structure characteristic
of mature fibrils with a cross-f arrangement along the fibril axis. The biggest height and diameter of profiles 4-6 can be associated
with a less ordered structure of protofibrils consisting of segments carrying a parallel or antiparallel distribution of B-sheets,
depending on the aggregation pathway. The lowest profiles (7-9) are related to intermediates occurring at the initial stage of the
amyloid aggregation process, oligomers, usually built of few monomer units.

Band assignments
Table S1. The band assignments for various amyloids obtained by Raman nanospectroscopies including AFM-TERS in air and liquid and STM-TERS compared
with conventional Raman measurements.

L. AFM-TERS in STM-TERS in
AFM-TERS in airl>% Raman

Band assignment liquid air

Band frequency [cm™]
amide | (1700 - 1600 cm"); vibrations: 80% v(C=0), 10% v(C-N), 10% 5(N-H)
extended B-strand, B-sheet or turn - 1695-1692 - 1685-1674- (a-synl'"l)




anti-parallel B-sheet, fibril core -
sheet

B-turns/unordered coils
or B-hairpin

parallel B-sheet
Tyr and Phe amino acid residues
(high in native form)

WILEY-VCH

1680-1660 (AB2-101), 1667 (a-synl'")
1684/1625 -
(hIAPPUZ]) 1675-167301
1665-16541]
1655-1630 (AB210)) 1662-1639 -
1670-1660!%
1627 -
161604
- 1616-1612 -

1616 (a-synl'!l)

amide Il (1580 - 1500 cm"), vibrations: 60% &(N-H), 40% v(C-N)

1560-1590 (insulin'%!) 1586-1580 -
~155014
unstructured coils, fibril core - i i
1534-1552 (insulinl%!) 1568-1564 - 1561-1548013,
sheet
1560-1553(13
anti-parallel B-sheet 1523-1528 (insulinl'®!) 1533-1532 -
histidine

His (NH)

1515-1490 (insulin('®)

1506-1503
1494 (hIAPP!'2)

C-H vibrational modes

CHs, CH2 scissoring motions

1428 (A1) 1485-1432 - 1450014

Ca-H/N-H

B-sheets bending

1364 (ABI210])

1394-1391 - 13900
1390 (HEWLU6))

amide IIl (1340 - 1200 cm™'), vibrations: 30% v(C-N), 30% 8(N-H), 10% v(CHs-C), 10% 8(0=C-N), 20% other

1334 (+3) (AB2 ')

C=N and C-N stretching (histidine) 1345
1331 (hIAPPI'2))
CHz, Gly 1327-1310 (insulinl%!) 1307-1303
CH2 1290-1284 (insulin'%!) 1289-1287
turns/unstructured coils 1261-1248 (AB[>1) 1269-1267 1260-1240(13
B-sheet 1250 (AB210)) 12530141
1240 (a-synl')
anti-parallel B-sheet 1242-1233 (AB210)) 1235-1232 1233 (AB 17
1241 (YEHKpp!'®)
parallel B-sheet 1228-1218 (AB210) 1224-1220 1214 (ABI'M)
amino acids residues
_ , 1204-1196 (insulinl’s)) 1203
Tyr (side chain) . .
1191-1186 (insulin%!) 1175-1173
Arg (=NH2") 1170-1166 (insulinl’s)) 1163-1158
Lys (NH3") 1153-1145 (insulinl’s)) 1144-1141
Arg (=NH2") 1094-1088 (insulin!’s)) 1099-1097
1140-1121 (insulin['%!) 1118-1116
Asn, GIn (NH3") o
1078-1060 (insulin'%!) 1076-1065
1056-1051
Phe (ring) 1038 (hIAPPI'2)) 1038-1035!1
phenylalanine
o , 1007-1004 (AB210))
phenylalanine ring breathing mode 1003-1001 1004 (AR220) 161614

1010 (hIAPPU'2))

amino acids residues

valine

Tyr (ring breathing)

C-S stretching vibration of
methionine (or cysteine)

934-93121
868-865, 848-845/

877-840/
826-819 (insulinl'sl)

823-817
856 / 826 (hIAPPI'2))
775-760 (insulinl"sl)

767-766

767 (£3) (AB210)
667-657 (insulinl"sl) 661-658

v — stretching, & — bending
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Aggregation of AB1.42 - AFM studies

Figure S1. Monitoring of morphological changes during the aggregation of AB1.42.
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According to the results reported in the literature, AB fibrillates,?? however, it also may form non-fibrous structures.””™ We did not
observe such unstructured aggregates possibly due to the applied of aggregation conditions. AFM imaging demonstrates the
morphology of aggregating amyloids (Figure S1). After 7 days of incubation only fibrils were observed.

Classification of spectra of oligomers, fibrils and protofibrils

.0 0.2 04 06 0.8 1.0 1.2 14 16

Variance weighted distance between
cluster centers

Figure S2. The results of a HCA analysis for randomly chosen TER spectra from Figure 1 with additional spectra acquied from fibrils (yellow), protofibrils (red)

and oligomers (green), showing 87% correct classification. The locations of the spectra acquisition are presented in AFM topographies.

TER spectra acquired from individual AB1.42 aggregates in liquid

Tyr and Ph
Y asiaues] O

T T T
170016501600
Wavenumber [cm‘1]

—T T T T T
1600 1400 1200 1000 800
Wavenumber [cm'1]

QU R WN e

O Vb WNE

Figure S3. Individual TER spectra acquired from fibrils (yellow), protofibrils (red) and oligomers (green) with the locations of the spectra acquisition. The

incubation time was 36 hours.
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Theoretical Raman spectra

Raman spectra calculated for systems containing Ala-Phe peptide are shown in
A B C

Figure S4. Optimized structures of A) Ala-Phe in vacuum, B) Ala-Phe in vacuum with explicit water molecules (the dashed lines represent the hydrogen bonds),

-

and C) Ala-Phe in water solvent.

Figure . A description of the bands is presented in Error! Reference source not found.. Stretching vibrations of C=0 bonds, in
vacuum at 1817 cm™" and 1743 cm™ for phenylalanine and alanine, respectively, in the presence of water molecules are shifted to
1791 cm™ and 1729 cm™. Optimization of the system (see Figure S4) resulted in the placement of water molecules near the carbonyl
groups of the polypeptide, and thus hydrogen bonds. This, in turn, implies a wavenumber decrease.?*2% The shift is even more
apparent when the model of the water solvent is applied. Additionally, as a consequence of hydrogen bonding,?®! the increase of the
frequency of scissoring vibration NHz in alanine was observed, from 1653 cm™ to 1673 cm™, when water molecules were added to
the model. Neither the addition of water molecules nor the utilization of solvent model caused significant shifts in the frequency of
stretching and scissor vibrations in the phenylalanine aromatic ring.

A B C

Figure S4. Optimized structures of A) Ala-Phe in vacuum, B) Ala-Phe in vacuum with explicit water molecules (the dashed lines represent the hydrogen bonds),

and C) Ala-Phe in water solvent.

\A i
WA WV Ww_
z
‘@
E m
E
& 1l
& ‘I
n ,
| Vi il ! !
B qlh NN A\.—'\_J\\___/'I LA
|0Im |?In0 14‘00 |3IDD 13‘00

Wavenumber (cm™)
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Figure S5. Calculated Raman spectra of Ala-Phe in vacuum (bottom-black), Ala-Phe in vacuum with explicit water molecules (middle-red), and Ala-Phe in water
solvent (top-blue).

Table S2. Band assignments for calculated Raman spectra of Ala-Phe in vacuum, Ala-Phe in vacuum with explicit water molecules, and Ala-Phe in water solvent.

Ala-Phe in vacuum Ala-Phe with water molecules Ala-Phe in water
Assignment Amino acid
Wavenumber (cm™")
1817 1791 1767 v(C=0), 5(COH) Phenylalanine
O8(CNH) Phenylalanine
1743 1729 1695 .
v(C=0) Alanine
1653 1673 1633 O(NHz2) Alanine
1627 1625 1622
v(CC)
1606 1604 1602
1210 1211 1211 d(CC) Phenylalanine (ring)
1039 1039 1036 v(CC)
1006 1006 1004 CC breathing

A comparison of TER spectra acquired in air and in liquid

amide |
1700 - 1600
amide Il
1580 - 1500
CH,, CH,
Ca-H/N-H
amide Il
1340 - 1200
Phe 1004
Val 1928

spectra acquired
in wet conditions
(B-sheet)

—— spectra acquired
in wet conditions
(turns, coils)

—— spectra acquired
in dry conditions
(B-sheet)

—— spectra acquired
in dry conditions
(turns, coils)

TER Signal [a. u.]

1600 1400 1200 1000 800
Raman Shift [cm™]

Figure S6. A direct comparison of spectra of AB1.42aggregating for 36 hours and then deposited onto the gold substrate, acquired in ambient conditions and in liquid.
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Figure S6 presents TER spectra acquired from samples prepared in an analogous fashion in air (pink and violet) and in liquid (yellow
and green). The absence of the amide | band is clearly visible in the spectra acquired in ambient conditions, in contrast to the data
collected in liquid. Both groups of spectra indicate the presence of B-sheet and turns/coils conformations, however, TERS markers of
spectra acquired in air and in liquid are different. In air, the position of the amide Il above 1255 cm™" is characteristic for
turns/random coil and below 1255 cm™ for B-sheet conformation.?”] In spectra acquired in liquid, the presence of a peak at 1626 cm™'
is attributed to parallel B-sheet conformation. The effect of protein backbone hydration on the amide Il band is visible. Observed
shifts and intensity changes are caused by hydrogen bonding with both the C=0 and N-H functional groups. Precisely, the formation
of a C=0---H20

bond causes a decrease of the C—N bond length, in contrast to the formation of a hydrogen bond between N-H and H20, which
increases the length of the N—H bond.

The presence of the amide | band in the spectra acquired in liquid indicates that the peptide backbone is not subjected to
photoinduced damage. There are several physical phenomena that are responsible for the protective role of the solvent:

(i) The high heat capacity of liquid causes efficient heat dissipation from the tip, resulting in a decrease of the effective
temperature of the plasmonic nanostructure.?®! A decrease of thermal diffusion of surface atoms stabilizes the crystal
facets of the plasmonic nanostructure, improving the stability of the TERS signal.2%30

(ii) The rate of plasmon-induced sample damage of the peptide chemical structure can be indirectly reduced or slowed
down by the temperature decrease due to effective heat transfer in liquids. Photoinduced damage is driven by transfer
of plasmon-induced hot carriers from the plasmonic nanostructure to the analyzed molecules,®"%% including
peptides.l® This reaction rate depends strongly on the temperature due to a synergy between electronic and
vibrational excitations.*%!

(iii) The increasing temperature leads to the formation of carbonaceous species under the tip.-%1 Even slight traces of
carbonaceous contaminations are observable as rapidly fluctuating peaks, which, averaged over many spectra, result
in a broad D-band (1360 cm™ ) and G-band (1580 cm™" ).l A temperature decrease in the hot spot due to high heat
capacity of the liquid prevents undesired sample desorption./?!

(iv) The oxygen and hydroxyl radicals may also contribute to the degradation of the analytes. The exposure of the peptide
backbone to such radicals in liquids is lower than in air due to their different availability."]

Derivatives of TER spectra
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Figure S7. Second derivatives of marker TER spectra of oligomers, protofibrils and fibrils in comparison with highly correlated spectra extracted from TER map

(Fig. 3 upper panel).
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