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Using tip-enhanced Raman spectroscopy (TERS) imaging with a lateral optical resolution of ~16 nm, the heterogeneity of Aβ(1-42) fibrils implicated in Alzheimer's disease is investigated.

The amount and spatial distribution of TERS bands assigned to aromatic amino acid residues (histidine, tyrosine and phenylalanine) and to parallel β-sheet and random coil secondary structures suggest that both the surface and core of Aβ(1-42) fibrils are probed, confirm the twisted nature of the fibrils and reveal the presence of several β-sheet and disordered fibril regions with different hydrophilicity. This study completes and bears out literature TERS data on Aβ(1-42) amyloid fibrils.

Introduction.

Tip-enhanced Raman spectroscopy (TERS) established itself as an extremely sensitive technique for the nanoscale chemical and structural analysis of biological systems, such as nucleic acids, proteins, peptides, lipid membranes, cells and viruses [1]. This technique exploits the high chemical sensitivity of Raman spectroscopy and the high lateral spatial resolution of scanning probe microscopies (SPM). The intense and confined TERS signal typically results from three electromagnetic mechanisms, namely the resonant excitation of localized surface plasmons at the SPM tip apex, the non-resonant lightning rod effect and the nano-antenna effect [2]. In addition, as reported in surface-enhanced Raman spectroscopy, a chemical enhancement originating from some metal-analyte charge transfer may contribute [3]. These enhancement and confinement mechanisms explain the high surface sensitivity of TERS with nanoscale lateral and axial optical resolutions [2]. Several strategies have been proposed in the literature to design efficient TERS probes, but metal-coated and electrochemically etched SPM tips are mostly used to investigate biomolecules or more complex systems using direct bottom-, top-and sideillumination instruments [1]. Irradiation in total internal reflection has been recently suggested too [4].

The TERS characterization of amyloid fibrils has attracted much interest for 10 years due to the implication of these species in neurodegenerative diseases, such as Alzheimer's, Parkinson's or prion diseases [5][6][7][8][9][10][11][12][13][14]. Studies focused on the structural characterization of protofibrils and more mature fibrils [5][6][7][8], on the understanding of amyloid aggregation mechanisms [9][10][11] and on the differentiation of amyloid species showing distinct toxicities [12,13]. They were rendered possible by examining specific TERS marker bands assigned to amino acid residues and peptide secondary structures (β-sheets, α-helices, random coils…). The investigation of amide bands allows for the discrimination of peptide secondary structures [1,[5][6][7][8][9][10][11][12][13][14]. For instance, while amide I bands attributed to β-sheets are expected in the 1660-1680 cm -1 spectral range, those assigned to random coils have been reported in the 1630-1675 cm -1 region, even though they are often observed below 1660 cm -1 . Amide III bands associated with parallel and anti-parallel β-sheets have been proposed to appear in the 1218-1232 cm -1 and 1233-1242 cm -1 region, respectively. In contrast, amide III bands assigned to random coils can be observed in the 1243-1261 cm -1 spectral range. The TERS signature of many hydrophobic amino acid residues, such as phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp), and hydrophilic ones, such as histidine (His), asparagine (Asn), glutamine (Gln) and lysine (Lys), can also be discerned [1,5,[7][8][9][10][12][13][14][15][16]. In particular, TERS bands in the 819-868 cm -1 range (ring breathing, Fermi doublet) are typical of Tyr [17], while TERS bands in the 997-1014 cm -1 (ring breathing) are specific of Phe [17] in the absence of Trp [1]. Several spectral regions can also be associated with His, namely the 947-980 cm -1 (CN stretching, ring deformation), 1112-1143 cm -1 (CN stretching, CH deformation), 1170-1192 cm -1 (NCN stretching, NH deformation), 1328-1337 cm -1 (CN ring stretching) and 1490-1510 cm -1 (C=C asymmetric stretching, NH deformation) ones [1]. To identify His reliably, the presence of TERS bands in three regions is at least recommended [14].

Asn and Gln residues may be identified when spectral features emerge in the 1060-1078 cm -1 and 1122-1150 cm -1 ranges [14]. The determination of the amino acid surface composition of insulin amyloid fibrils suggested the presence of hydrophobic, hydrophilic and mixed domains of 3-10 nm sizes [14]. However, it is worth noting that aromatic amino acids (Phe, Tyr, Trp and His) are mainly observed in TERS owing to their high Raman scattering cross-section [5,9,12,13,15,16], although they may not be discerned either [6,11]. Similarly, while amide I bands have been reported by several authors [5,[7][8][9][10][12][13][14][15][16], they may not always appear in TERS spectra [6,11]. The absence of amide I bands might be determined by the bulkiness of the amino acid side chain and seemed unrelated to the protein aggregation state [18]. Nevertheless, this explanation alone would not account for the differences reported in TERS spectra for Aβ(1-42) amyloid species regarding amide bands and the detected amino acid content [11,12]. In this case, distinct experimental conditions might affect the enhancement of amyloid vibration modes due to different Raman scattering selection rules or specific metal-analyte interactions [19], and maybe lead to amide bond cleavage [20]. These striking spectral dissimilarities not only underline the challenging aspect of TERS but also the richness of this technique for nanoscale chemical and structural characterization of biomolecules.

In this letter, we examine Aβ(1-42) fibrils implicated in Alzheimer's disease using a sideillumination TERS instrument equipped with an atomic force microscope (AFM) as SPM. In a previous study, we focused on point TERS measurements because reliable TERS maps with a sufficient number of pixels could not be realized for technical reasons [12]. Here, small portion of fibrils are mapped to estimate the lateral spatial optical resolution and correlate the appearance of amide bands and amino acid residues. For the sake of comparison with our previous report [12], the proportion of amide and amino acid marker bands in a large set of TERS spectra is also provided.

Materials and Methods

Sample preparation

Aβ(1-42) peptides were produced and purified as monomers following a procedure described elsewhere [21]. The monomers were conserved at -80°C. After incubation in phosphate buffer (pH 7.4) at 37°C for 8 days, a large number of fibrils were formed. A 3 µL aliquot of the resulting suspension was spin-coated on a 10 nm thick gold layer deposited on top of a clean glass slide. This procedure leads to a good dispersion of Aβ(1-42) fibrils at the substrate surface. Details on gold sputtering and cleaning processes can be found elsewhere [12].

Experimental setups

TERS measurements were carried out on a side-illumination NanoRaman system (HR Evo Nano, HORIBA Scientific) consisting of an Omegascope atomic force microscope combined with a LabRAM HR Evolution Raman spectrometer, by exciting silver-coated TERS probes under linearly-polarized 532 nm light irradiation (130 µW, 0.6 nW/nm 2 ). These TERS probes were manufactured by sputtering 30-100 nm of silver (mass thickness controlled with a microbalance) on commercial AFM silicon tips (Nanosensors PPP-NCST and APPNano ACCESS-FM) allowing for AFM imaging in soft tapping mode. To avoid any mechanical degradation of the tip coating and of the sample, the force applied to Aβ(1-42) fibrils by the AFM tip was calibrated and set at 1-3 nN. The laser fluence was also optimized to avoid any damage through laser-induced sample heating. The integration time per spectrum was 10s. The 521 cm -1 Raman band of a benchmark silicon chip was used as reference to verify the spectrometer calibration before each daily experimental series.

Data processing

Proportions of TERS spectra containing specific marker bands were determined by picking peaks showing intensities higher than 3 times the standard deviation of the noise level. Spectra presented here were obtained after a slight smoothing using a 3-points-Adjacent-Averaging method (Origin 2015 software).

Results and Discussion

Lateral spatial optical resolution

The lateral spatial optical resolution (LOR) in TERS strongly depends on the design of TERS probes [1]. Regarding the study of biomolecules, LOR values below 1 nm have been reported by probing single-stranded DNA and DNA bases for convenient tip geometries and sample-tip distance in gap mode configuration [22,23], but values up to ~50 nm can be observed too for more complex systems such as lipid membranes [24]. For amyloid-like species, LOR ranging between 5 and 80 nm are commonly observed [6,8,11,12,25], but values down to 1 nm have been also suggested [5,7,9,14]. Figures 1A and1C show tapping mode topographical AFM images of Aβ(1-42) fibrils deposited on a 10 nm thick gold film. The poor lateral resolution of these images is directly related to the large apex diameter of the metal-coated tip (silver thickness ~ 70 nm). Figures 1B and1D present TERS spectra observed in 4-5 nm-high rectangular portions of Aβ(1-42) fibrils (white rectangles in Figures 1A and1C). The spectral signature looks very different in these two figures. This probably stems from the fact that two distinct TERS probes were used to collect TERS spectra on two different fibrils. Insets in Figures 1B and1D show the TERS maps (90 × 40 nm; 3 × 8 pixels; 10s integration per pixel) corresponding to the white rectangular area indicated in Figures 1A and1C. These maps have been determined by intensity integration of TERS bands tentatively assigned to His (~980 cm -1 ) and random coil secondary structures (amide III band at ~1244 cm -1 ), respectively (blue strips in Figures 1B and1D). Note that the His assignment is supported by the presence of weak bands centered at 1142, 1188 and 1510 cm -1 (see arrows in Figure 1B). The brightness of the blue color is proportional to the integrated intensity of selected TERS bands. For each map, three vertical cross-sections of an Aβ(1-42) fibril can be defined and provide three TERS profiles associated with three full widths at half maximum. Their average value reflects the LOR. For Figures 1B and1D, the LOR are assessed to be 18 and 14 nm, respectively. This hints at a mean LOR of ~16 nm in our experimental conditions, which is a reasonable value considering the negligible gapmode effect expected when probing 4-5 nm-thick structures deposited on 10 nm-thick gold films (Figures S1A and S1B in supplementary materials). This value also belongs to the 5-30 nm range expected with our metal-coated probes [4,12,25,26].

Statistical chemical and structural description of Aβ(1-42) fibrils

A set of 180 TERS spectra associated with different locations spaced by at least 15 nm (≈ LOR) on Aβ(1-42) fibrils is examined. The whole set of spectra is provided as supplementary materials (Figures S2-S5). Within this set, 164 TERS spectra (91%) were obtained using TERS probes coated with 50-70 nm thick silver layers, and exploitable TERS spectra were collected irrespective of the type of AFM silicon tip (right and tilted orientation of the tip with respect to the cantilever). However, relative TERS intensities fluctuate significantly from one sample point and one tip to another. This is linked to the sensitivity of the TERS signal to the confined enhanced electromagnetic field depending on the orientation of the metal particles at the tip apex, to potential chemical enhancement effects and to the nanoscale heterogeneity of amyloid fibrils [12,25].

As shown in Figure 2A, the proportion of TERS spectra showing amide I bands assigned to βsheets (1660-1680 cm -1 ) and random coils (1630-1675 cm -1 ) is 30% and 43%, respectively. Note that several marker bands at wavenumbers consistent with random coil secondary structures are sometimes observed in a single spectrum, thus leading to 26 % of TERS spectra with spectral features in the 1630-1659 cm -1 range and 24 % in the 1660-1675 cm -1 one. The overlap between amide I regions associated with β-sheet and random coil structures makes difficult any precise interpretation of the genuine contribution of β-sheets in the detected TERS signals. Furthermore, TERS amide I bands may be up-shifted or down-shifted by tens of wavenumbers with respect to corresponding bulk Raman bands, as demonstrated for other peptides excited in TERS geometry [20]. Our study of amide I bands demonstrates however the possibility to detect them since 48 % of TERS spectra presents at least one amide I band above the chosen intensity threshold (see section 2.3 in Materials and Methods). This observation is qualitatively in agreement with our previous report [12] and many literature TERS data obtained by considering other experimental conditions [5, 7-10, 13-16, 20].

As depicted in Figure 2B, the proportion of TERS spectra with amide III bands assigned to parallel β-sheets (1218-1232 cm -1 ), anti-parallel β-sheets (1233-1242 cm -1 ) and random coils (1243-1261 cm -1 ) is 52%, 17% and 44%, respectively. The prevalence of parallel β-sheets compared to anti-parallel ones is fully consistent with the expected parallel β-sheet structure of Aβ(1-42) fibrils confirmed by previous ATR-FTIR and TERS measurements [12,27,28]. As the core of Aβ(1-42) fibrils is β-sheet rich while the surface should contain more random coil structures, the similar proportions of TERS spectra with amide III bands ascribed to these two secondary structures suggest that both the fibril surface and the fibril core are probed. The probed depth should be ~3 nm at least, since the mean diameter of investigated fibrils is ~5-6 nm (Figures S1C-F in supplementary materials). The frequent emergence of amide III bands also corroborates their relevance to investigate aggregation mechanisms [11], in spite of the possible contribution of C-H bending modes in the same spectral range.

At this point, it is worth mentioning that 98% of the 180 TERS spectra show an amide I and/or an amide III band. Furthermore, 38 % of TERS spectra show both amide I and amide III bands, 10 % only amide I bands and 49 % only amide III bands. Among the set of spectra with amide I and amide III markers, 30 % present amide I and amide III bands consistent with a β-sheet secondary structure, and 57 % with a random coil secondary structure. This suggests again the significant contribution of this latter disordered structure when probing the Aβ(1-42) fibrils.

Finally, as presented in Figure 2C, the proportion of TERS spectra exhibiting marker bands typical of Phe (997-1014 cm -1 ), His (three bands at least in 947-980 cm -1 , 1112-1143 cm -1 , 1170-1192 cm -1 , 1328-1337 cm -1 and/or 1490-1510 cm -1 spectral regions) and Tyr (819-868 cm -1 ) is 26%, 30% and 34%. In contrast, the proportion of TERS spectra with marker bands associated with Asn and Gln (1060-1078 cm -1 and 1122-1150 cm -1 ) is only 9%. Other amino acid residues expected in Aβ(1-42) fibrils (lysine and arginine especially) are identified in less than 5% of the TERS spectra. As the amino acid sequence of the Aβ(1-42) peptide contains 4 His, 3 Phe, 1 Tyr, 1 Asn and 1 Gln residues [29], the predominance of aromatic amino acid contributions cannot be merely related to the peptide composition. Recalling that both the core and the surface of our thin fibrils are probed, this predominance can be tied to the aromatic structure of His, Phe and Tyr at the origin of higher TERS cross-section relative to Asn and Gln amino acid residues, but also to the eventual presence of more His, Phe and Tyr residues at the surface of Aβ(1-42) fibrils.

Owing to the exponential decrease of the enhanced electromagnetic field with the distance to the tip apex, surface components should contribute more than those buried inside the fibril structure.

In particular, aromatic Phe and Tyr amino acids are indeed expected to be present at the surface of amyloid fibrils [5], and the significant contribution of His is consistent with a twisted fibril structure, as described for twisted insulin fibrils [9]. The twisted form of Aβ(1-42) fibrils is difficult to observe in AFM using TERS tips (Figure 3) or uncoated tips [12,30] (Figure S6), but the morphological study of Aβ(1-42) fibrils by cryo-EM clearly demonstrated it [31].

TERS characterization of Aβ(1-42) fibril fragments

Due to TERS intensity variations from one tip to another, a statistical study cannot allow for an easy correlation between the appearance of amide and amino acid features with nanoscale LOR.

The mapping of full fibril portions is necessary to achieve this goal. Figures 3A-D present four series of TERS spectra collected along black lines indicated on the topographical AFM images of 6 nm-high (A), 5 nm-high (B), 5 nm-high (C) and 6 nm-high (D) fibril portions (Figure 3F and Figures S1C-F in supplementary materials). For the sake of clarity, only TERS bands assigned to β-sheet and random coil secondary structures or leading to the identification of Phe, His and Tyr are taken into account in Figures 3A-D. TERS spectra of the investigated fibril portions are given in Figure 3E. Note that TERS spectra correspond to areas spaced by 5 nm in Figure 3A but 10 nm in Figures 3B-D.

Depending on the investigated Aβ(1-42) fibril fragments, the contributions of aromatic amino acid residues and of β-sheet and random coil secondary structures change significantly, which confirms the heterogeneity of amyloid fibrils. Note that the non-systematic appearance of amide I and amide III bands in Figures 3A-D reflects the fact that only 38 % of TERS spectra show both amide I and amide III bands, as discussed above. Considering the frequent occurrence of amide I bands and their possible appearance or disappearance within the same series of TERS spectra (Figure 3A), some laser-induced cleavage of amide bonds [19] should not explain missing amide I bands here. Regarding the amino acid content, it is worth reminding that, according to previous study on insulin fibrils [5], Phe (but also Tyr to a lesser extent) residues are expected to be quite frequent in β-sheet rich areas of the fibril surface, even though Phe spectral features seem to be mainly observed in hydrophobic fibril domains [14]. The scarcity of clear Phe marker bands in Figures 3A-D, together with their low intensity in the 180 TERS spectra discussed in section 3.2 (Figures S2-5 in supplementary materials), may suggest that such purely hydrophobic β-sheet rich areas are not very abundant on the fibril surface, and corroborate the in-depth TERS probing of single fibrils with β-sheet rich cores and more unstructured surfaces. Tyr and His amino acids are however often observed along Aβ(1-42) fibrils (Figures 3A-D), as reported for insulin fibrils [14]. The possibility to detect Tyr efficiently is particularly interesting since this residue is thought to play a key role in Aβ neurotoxicity by promoting electron transfers that are required to drive the deleterious hydrogen peroxide formation [32].

In Figure 3A, several regions can be distinguished from each other by tracking the evolution of the proportion of His, Tyr, amide III and amide I bands along Aβ(1-42) fibrils. In 20-60 nm long R1 regions, hydrophilic His and hydrophobic Tyr residues as well as parallel β-sheet and random coil secondary structures are observed. This is consistent with the expected TERS signature of the fibril core and some mixed hydrophilic/hydrophobic area at the fibril surface. A fibril portion with similar mixed hydrophilicity also appears in Figure 3D, but the determination of the related secondary structure is delicate there due to the absence of exploitable amide III bands. In the 40 nm long R2 region, no TERS signature of random coils can be discerned and, regarding amino acids, Tyr is mainly observed. A largely hydrophobic β-sheet rich area contributes in this case, which contrasts with the hydrophobic random coiled area (showing Tyr and Phe features) and the hydrophilic β-sheet rich area (mostly showing His bands) revealed in Figures 3B and3C, respectively. In 30-45 nm long R3 regions, TERS bands corresponding to aromatic amino acids are globally less frequent, and amide bands assigned to random coil and β-sheet secondary structures are visible. However, His is rather observed in association with β-sheets while Tyr seems to be connected to random coils, which is in good agreement with amino acid spatial distributions along Aβ(1-42) fibrils illustrated in Figures 3B and3C.

The surface heterogeneity of Aβ(1-42) fibrils thus manifest itself through the presence of several nanoscale regions with specific local secondary structures and hydrophilicity. The minimal size of domains associated with distinct TERS signatures is close to the estimated ~16 nm LOR (see section 3.1). Indeed, in Figures 3A-D, significant changes in amino acid content and secondary structures typically occurs every 2-3 pixels, corresponding to 10-20 nm distances, as exemplified by the 20 nm long area exhibiting Phe features in Figure 3B and the 10 nm long area exhibiting His features in region R2 of Figure 3A. In Figure 3A, the apparent 5 nm lateral resolution, suggested by composition and structure changes from one pixel to another, involves either weak TERS bands (such as the amide III bands for pixels at 5 and 185 nm on the fibril or the amide I band at 175 nm) or His residues for which the amount might be slightly underestimated. Indeed, pixels showing less than three His marker bands were not considered as containing His [14] (black triangles in Figure 3A-D). However, this does not necessarily mean that His is absent at these points. In brief, the ~16 nm LOR of our TERS experiments allows the chemical and structural heterogeneity of Aβ(1-42) fibrils to be confirmed, but it is not high enough to precisely determine the size of potential hydrophilic and hydrophobic domains on these fibrils (with 3-10 nm dimensions according to the literature on insulin fibrils [14]). It only provides an upper limit for the domain sizes since several domains may be probed at the same time.

Conclusion

Using side-illumination TERS imaging with a lateral spatial optical resolution of ~16 nm, Aβ(1-42) fibrils have been investigated. Spectral signatures of aromatic hydrophilic (His) and hydrophobic (Phe and Tyr) amino acids on one hand, and those of parallel β-sheet and random coil secondary structures on the other hand, have been evidenced and correlated with each other.

Our results suggest that both the core and the surface of twisted Aβ(1-42) fibrils are probed in agreement with our previous study where the accurate connection between amino acids and secondary structures was however not discussed [12]. In particular, disordered and β-sheet rich regions of the fibril with distinct hydrophilicity have been identified. The size of hydrophilic/hydrophobic domains is estimated to be lower than 10-20 nm. A more thorough determination would require a higher lateral spatial optical resolution and the additional detection of non-aromatic amino acids. Finally, this study corroborates our first bottomillumination TERS investigation carried out in different experimental conditions [12], but also provides TERS spectra of higher intensities and a description of the spatial distribution of amino acid and local secondary structures, which are promising for future use of the TERS technique to probe other amyloid species. 
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