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Highly toxic protein misfolded oligomers associated with neurological disorders such as 

Alzheimer’s and Parkinson’s diseases are nowadays considered primarily responsible for 

promoting synaptic failure and neuronal death. Unravelling the relationship between structure 

and neurotoxicity of protein oligomers appears pivotal in understanding the causes of the 

pathological process, as well as in designing novel diagnostic and therapeutic strategies tuned 
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toward the earliest and pre-symptomatic stages of the disease. Here we benefit from tip-

enhanced Raman spectroscopy (TERS) as a surface-sensitive tool with spatial resolution on 

the nanoscale, to inspect the spatial organization and surface character of individual protein 

oligomers from two samples formed by the same polypeptide sequence and different toxicity 

levels. TERS provides direct assignment of specific amino acid residues that are exposed to a 

large extent on the surface of toxic species and buried in non-toxic oligomers. These residues, 

thanks to their outward disposition, might represent structural factors driving the pathogenic 

behaviour exhibited by protein misfolded oligomers, including affecting cell membrane 

integrity and specific signaling pathways in neurodegenerative conditions. 

 
 
 
 
1. Introduction 

The accumulation of aberrant forms of aggregated peptides or proteins as amyloid fibrils is at 

the basis of a large number of human pathologies, ranging from neurodegenerative disorders, 

such as Alzheimer’s, Parkinson’s, Creutzfeldt-Jacob’s and Huntington’s diseases, to non-

neuropathic amyloidoses, including type II diabetes and systemic amyloidosis.[1] As far as 

Alzheimer’s disease (AD) is concerned, it is now widely accepted that oligomeric forms of 

the β-amyloid (Aβ) peptide, generated during the early stages of the pathology as a key event 

of the overall process of amyloid fibril formation, initiate cellular processes causing the 

impairment of the cognitive functions.[2,3] Importantly, the molecular events leading to the 

formation of these species are supposed to appear 10 to 20 years before the symptoms become 

evident.[4] Studies aimed at unravelling the relationship between structure and neurotoxicity of 

misfolded oligomers are thus pivotal in gaining insights into the pathological process, as well 

as in designing novel diagnostic and therapeutic strategies tuned toward the earliest and pre-

symptomatic stages of the disease.[5-7] 
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Plasmon-enhanced spectroscopies rely on the peculiar optical properties of noble metal 

nanostructures (localized plasmon resonances) permitting to enhance the optical responses of 

molecules in their close proximity.[8] A main representative of plasmon-enhanced 

spectroscopies is surface-enhanced Raman spectroscopy (SERS) in which metal 

nanostructures are exploited to enhance the Raman scattering of nearby molecules up to 10 

orders of magnitude.[9] As a result, identification of trace amounts of molecular species 

becomes feasible. This has recently inspired a number of studies aimed at the quantification 

and structural characterization of physiological quantities of proteins and other 

biomolecules.[10-17]  

In tip-enhanced Raman spectroscopy (TERS) the high sensitivity of SERS is combined with 

the nanoscale spatial resolution of scanning probe microscopy (SPM).[18-22] TERS exploits the 

high-localized EM field enhancement on a sharp metallized tip to achieve compositional and 

structural information from the surface of nanosized samples.[23-25] Nowadays this technique 

is perceived as a valuable candidate for complementing conventional techniques used to 

determine the structures of biological macromolecules such as X-ray crystallography or 

nuclear magnetic resonance (NMR) spectroscopy, offering unique information at the 

nanometer level from single supramolecular entities and aggregates.[26-29] The group of 

Zenobi showed, in 2013, the combined use of Scanning Tunnelling Microscopy (STM) and 

TERS to identify single Aβ peptide nanotapes.[30] In this study, the spectroscopic information 

provided by TERS permitted the unambiguous assignment of the structure of the protein 

assemblies preliminary imaged by STM. Deckert and co-workers investigated by TERS 

individual insulin fibrils, retrieving their amino acid residue composition.[31] The authors 

evidenced the conformational variety along the fibril by mapping alternating hydrophobic and 

hydrophilic domains and providing valuable information on the sites active for biological 

interactions. Recently, Bonhommeau et al., showed via TERS the differentiation between the 

wild type of Aβ fibrils and two synthetic mutants, the latter obtained by substitution of a 
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specific amino acid in the polypeptide sequence and notably forming toxic oligomers and 

non-toxic fibrils.[32] 

In this work, we take inspiration from the above mentioned achievements to demonstrate the 

use of TERS in discriminating between two forms of soluble misfolded oligomers formed by 

the 91-residues N-terminal domain of the E. coli protein HypF (HypF-N, Figure S1, 

Supporting Information), denoted as type A and type B, which show the same polypeptide 

sequence, similar morphology but different abilities to cause cellular dysfunction, with type A 

oligomers being toxic compared to non-toxic type B species.[6] HypF-N represents a valuable 

model system as it forms spherical oligomers and amyloid-like fibrils in vitro similar to those 

associated with neurodegenerative diseases.[33,34] In addition, HypF-N oligomers impair cell 

viability when added to cultured cells or injected into animals, similarly to oligomers found in 

many amyloid diseases;[35,36] they produce all the effects of the Ab oligomers associated with 

Alzheimer’s disease at the biochemical, biological and electrophysiological level; importantly, 

they are stable and maintain their morphological and structural properties even under 

conditions very different from those that promoted their formation, allowing their detailed 

study at the structural and biological level.  

Our TERS investigation provides compelling evidence of the presence of chemostructural 

determinants in the case of toxic oligomers, which sheds new light on the mechanism by 

which they cause cellular impairment. Specifically, we identified specific aminoacid residues 

that appear exposed on the surface of toxic oligomers while buried in the non-toxic forms, 

with obvious implications for the elucidation of the structural factors responsible for cell 

toxicity at the single residue level.  
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2. Results and Discussion 

Raman spectra of the toxic type A (Figure 1, red line) and non-toxic type B (Figure 1, blue 

line) HypF-N oligomers were initially acquired. An almost-perfect overlap of the spectra is 

apparent, that prevents us from discriminating between the two types. After baseline 

correction and multi-peak fitting of the resulting Raman profiles (inset of Figure 1), 

characteristic vibrational modes were deduced and summarized in Table 1. 

 

Figure 1. Raman spectra of type A (red line) and type B (blue line) HypF-N oligomers. The 

spectra are acquired in identical experimental conditions (same excitation power and 

integration time).  
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Table 1. Assignment of the main spectral bands of HypF-N oligomers as detected by 
conventional Raman spectroscopy and TERS.  

 

 

 

 

 

 

 

 

 

 

 

 

By comparing the curve-fitting components in the region between 1400 cm-1 and 1800 cm-1 

with the Raman profiles of isolated aromatic amino acids (Figure S2, Supporting 

Information), we were able to assign the peaks at 1551 cm-1 and 1576 cm-1 to Trp residues, at 

1603 cm-1 to Tyr and Phe residues and at 1617 cm-1 to Tyr side chains.[37]. A broad amide I 

band covers the 1635-1700 cm-1 range, which comprises both α-helix (1653 cm-1) and β-sheet 

(1668 cm-1) modes, while the 1430-1470 cm-1 peak originates from CH2 and CH3 

deformations.[38,39] Amide III modes contain a β-sheet contribution at 1240 cm-1 and another 

at 1250 - 1280 cm-1 including random coils and α-helices.[40] Finally, the Fermi doublet of Tyr 

can be observed at 830 and 850 cm-1, while 1003 and 1027 cm-1 modes are assigned to Phe 

ring breathing and in-plane ring deformations, respectively.[41,42] The spectral assignments 

obtained by Raman spectroscopy were used as reference for TERS in the following, in view 

Raman peak position (cm-1) Mode Assignment TERS peak position (cm-1) 

830, 850  Tyr rare 

1003 Phe 1003 

1027 Phe 1027 

1240 amide III - β-sheet 
-- 

1250-1280 amide III - random coil, α-helix 

1430-1470 CH2, CH3 deformations -- 

-- His 1500 

-- amide II 1520 

-- amide II + His 1538 

1551 Trp 1550 

1576 Trp 1575  

1603 Tyr + Phe 1600 

1617 Tyr 1620 

1635 amide I - random coil 

1640 - 1680 
1653 amide I - α-helix 

1668 amide I -  β-sheet 

1690-1700 amide I - β-turn/random coil  
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of the overlapping peaks usually expected by using an identical excitation wavelength, while 

being aware that band intensity ratios can be much different.[20,43,44]  

AFM measurements on the samples used for the TERS experiments (Figure S3, Supporting 

Information) outlined a distribution of isolated oligomers with globular shape and similar size 

(type A oligomers: 2.0 ± 0.1 nm height, 15 ± 1 nm width; type B oligomers: 3.5 ± 0.4 nm 

height, 10 ± 1 nm width). The homogeneous density of the oligomers detected suggests that 

the procedure used for sample preparation was appropriate enough to prevent clustering or 

undesired over-aggregation. Three TERS maps of 200×200 nm2 were acquired from different 

regions of the samples, collecting 25 nm-stepped spectra, for a total of 64 spectra per map (an 

exemplary TERS/STM combined map is reported in Figure S4, Supporting Information). 

Considering the dimensions of the inspected species, the step size used in TERS mapping 

ensures that the signal from each position originates from a different oligomeric unit. A 

preliminary screening of the acquired TERS spectra consisted in removing those with signals 

matching the fluorescence background of the gold tip (~ 50%). Further on, spectra with 

Raman features that were not enough intense to perform a clear assignment of the relative 

modes (~ 10%) were discarded. Each map provided then an average of 30 selected spectra per 

map, for a total of 80-90 spectra for both type A and B oligomers resulting from the three 

investigated maps. We note that the unavailability of more than half of the inspected sites to 

generate effective TERS signals can be caused by the roughness of the gold-coated supports 

used to get STM feedback in our experiments. In fact both toxic and non-toxic oligomer 

distributions resemble the morphology of the underneath surface that is strewn with 90 ± 5 nm 

large, and 3.8 ± 0.1 nm high adjacent Au domains (Figure S3, Supporting Information) with 

resulting underexposed sample portions, which are hardly accessible to the tip (Figure S5, 

Supporting Information).  
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Figure 2a,b reports a collection of selected TERS spectra acquired from type A and type B 

oligomer samples. In spite of the local signal variations that are consequential to the chemical 

complexity produced by adjacent amino acid residues,[32,45,46] a tentative assignment of the 

main TERS bands was made based on the Raman spectra (see Table 1). In particular, 

aromatic ring vibrations are visible at 1003 and 1027 cm-1 (Phe) and within the 1550-1620 

cm-1 range (Trp, Tyr, Phe).[32,44] His ring deformations look like isolated (1500 cm-1) or 

overlapped with the amide II modes (1538 cm-1).[47] The amide I modes appear at 1640-1680 

cm-1[48] in both oligomer spectra. The Tyr doublet at 830-850 cm-1 is frequently unnoticeable 

and limited to type A spectra while the amide III (1220-1280 cm-1) and the CH2/CH3 (1430-

1470 cm-1) bands are affected by severe fluctuations and will not receive further consideration 

in this article. On the basis of the above considerations, we focused the analysis on the 980-

1050 cm-1 and 1490-1710 cm-1 regions. Such regions were fitted by a multi-peak Lorentzian 

fit (Figure S6, Supporting Information) and the integrated areas of the fitted peaks were 

plotted in box plots (Figure S7, Supporting Information) to highlight the main spectral 

differences between the two oligomer types.  

 

Figure 2. TERS spectra of type A (a) and type B (b) oligomers. The bands used for the 

analysis are highlighted by coloured boxes: aromatic amino acids and histidines (ligh red 

Type A – toxic oligomers Type B - non-toxic oligomers
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boxes) and amide I and II bands (light blue boxes). All the spectra are acquired in identical 

experimental conditions (same TERS tip, power, objective, integration time). The background 

is removed and the spectra are offseted for clarity. 

In order to rule out intensity biases due to local fluctuations in the enhancement factor as well 

as in surface density and local molecular orientation of the samples, which could influence the 

signal measured from the type A and type B samples, we normalized the intensity of the main 

peaks in the 1000 – 1030 cm-1 and 1500 – 1680 cm-1 regions with respect to the corresponding 

intensity of the Phe mode at 1003 cm-1 (I/I1003, Figure 3) on a spectrum-by-spectrum basis. 

This latter mode (as well as the 1027 cm-1 mode), in fact, is poorly affected by the 

environment and frequently used as “internal” reference for the analysis of biological 

samples.[49,50] We note that the amide I as well as the amide II modes exhibit almost 

overlapping I/I1003 interval values in both type A and type B oligomers and their average 

values approach the Phe mode at 1003 cm-1. Conversely, the other modes appear largely more 

intense in type A than in type B spectra. In particular, the His band at 1500 cm-1 features a 4-

fold larger TERS amplification for type A with respect to type B. Similar considerations hold, 

as well, for the aromatic ring vibrations in the 1550-1620 cm-1 range, which appear much 

more intense in the toxic type A oligomers. A reduced distance between the TERS tip and 

these residues is expected to primarily boost their TERS intensity.[51] In fact, because the local 

electromagnetic field distribution follows an exponential decay with distance from the tip 

apex,[21,22] a larger signal enhancement of the most accessible residues lying within the range 

of the hot spot’s tip is produced. On the basis of the above observations, we can infer an outer 

position of His and the aromatic amino acids on the surface of type A oligomer while a buried 

location of these residues inside the oligomer may be deduced in type B.  
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Figure 3. Intensity ratio (I/I1003 ±SD) of the integrated areas (calculated by a multi-Lorentzian 

fit) of the observed TERS peaks in the 1000 – 1030 cm-1 and 1500 – 1670 cm-1 regions for 

type A (red squares) and type B (blues circles) oligomers. 

 

A noticeable dispersion in peak amplitudes in the case of type A oligomers, especially 

occurring for the His mode at 1500 cm-1 and for the Trp modes at 1550 and 1575 cm-1 (SD 

~40%, Figure 3, and broad interquartile intervals, Figure S7, Supporting Information, were 

estimated for these modes), which appears less pronounced for the Phe and Tyr modes at 

1600 cm-1 and at 1620 cm-1, is another main outcome. Signal fluctuations of this entity may 

be justified by the occurrence of a charge transfer between tip and substrate, which is strictly 

dependent from the immediate residue/tip contacts.[51] In this context, His and Trp are 

expected to produce the highest high-end values because of their heterocyclic moieties (i.e. 

imidazole and indole rings) sustaining strong absorbate-surface interactions, which are 

expected to be weaker in the case of the phenol and phenyl rings of Tyr and Phe.[52-54]  

The ITypeA/ITypeB ratio between the mean values of the band fitting areas of TERS modes of 

type A and type B oligomers provides a quantitative picture of the tendency shown by each 

oligomeric form to locate certain aminoacid residues on its surface (Figure 4). ITypeA/ITypeB 
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compared to non-toxic oligomers were observed. We note that the same ratio as calculated 

from Raman spectra appears unable to provide a clear discrimination between the two 

oligomer types as initially perceived (Figure 1). These results highlight the superior ability of 

TERS in probing structural domains specifically located on the surface of the inspected 

specimen, which, conversely, is not readily accessible by either bulk vibrational spectroscopy 

or by any other technique. 

 

Figure 4. Comparison between the ratios of integrated intensities (ITypeA/ITypeB) obtained by 

the fit process over TERS (green circles) and Raman (black diamonds) spectra of type A and 

type B oligomers.  
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terminus that is required to anchor the toxic species to the membrane, and a b-sheet structure 

core that inserts into the membrane.[59] Fluorescence data obtained with ANS site-directed 

labelling with different fluorophores and fluorescence resonance energy transfer (FRET) 

measurements pointed out to a connection between the toxicity of type A HypF-N oligomers 

and the higher solvent-exposure of three main hydrophobic regions, which encompass 18-30, 

55-65 and 75-87 residues.[6,60] Interestingly, the aromatic residues as well as one of the two 

His residues (His64) of the HypF-N molecule are wholly located in these regions (Figure S1, 

Supporting Information). Further evidence of the exposure of hydrophobic residues in type A 

oligomers is given in Figure S8, Supporting Information, by contact angle measurements. 

Thus the intense TERS signals emerging from our investigation in the case of His and the 

aromatic amino acids in type A species (Figure 3) provide a direct confirmation of a peculiar 

superficial structuring existing on toxic misfolded species that causes cellular dysfunction. 

Interestingly, the presence of top signals as observed for amino acid residues of toxic species 

containing reactive side-chains such as imidazole in His and phenol in Tyr (Figure 4), is 

suggestive of the importance of such exposed moieties in neuronal membrane 

interactions.[61,62] 

 

3. Conclusion 

We demonstrated the potential of TERS in identifying characteristic chemostructural elements 

of protein oligomeric forms associated with amyloid diseases, showing same peptide 

sequence and different toxicity levels. By exploiting the capabilities of the TERS technique to 

access the specimen with nanometric resolution, spatial organization and surface character of 

individual oligomers were carefully inspected. Furthermore, being the TERS response 

originated from a well localized hot-spot on the tip apex, these evaluations are conferred with 

quantitative significance. Ultimately, TERS provided a direct assignment of specific amino 

acid residues exposed to a larger extent on the surface of the toxic species. These residues, 
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due to their outward disposition, might play a role in the pathogenic behaviour exhibited by 

toxic oligomers, including affecting cell membrane integrity and specific signaling pathways 

in neurodegenerative conditions.  

 
4. Experimental Section  

Oligomers preparation: HypF-N oligomers were prepared as previously reported.[6] Briefly, 

toxic (type A) oligomers were obtained by diluting the HypF-N monomer to a final 

concentration of 48 ×10-6 M in 50 ×10-3 M acetate buffer (pH 5.5) containing 12% (v/v) 

trifluoroethanol (TFE) and 2 ×10-3 M DTT. To prepare non-toxic (type B) oligomers a similar 

procedure was used apart from diluting the monomer in 20 ×10-3 M trifluoroacetic acid (pH 

1.7) containing 330 ×10-3 M NaCl. The samples were incubated for 4 h at 25 °C. In order to 

stop the process, the aggregating solution was centrifuged at 16000 g for 10 min followed by 

95% removal of the supernatant, which was replaced by the same volume of 7 ×10-3 M 

potassium phosphate buffer (pH 7.4). Freshly prepared solutions of oligomers kept at 25 °C 

were used in all the experiments.  

Raman experiments: The Raman analysis was performed on drop-casted HypF-N oligomer 

solutions (20 µL) left drying at room temperature on an aluminium substrate. Raman spectra 

were acquired by using a Horiba Xplora micro-Raman spectrometer coupled to a 638 nm 

excitation laser. The backscattering light was collected by a 10×-microscope objective with 

0.25 NA (spot diameter ∼ 7 µm), and 30 s of acquisition time. Laser power at the sample was 

2 mW. Raman data represent an average of a minimum of 10 spectra acquired from different 

positions of the sample. 

TERS experiments: TERS measurements were carried out with a commercial setup (XploRa 

Nano, Horiba) which couples a Raman micro-spectrometer to a Scanning Probe Microscope 

(AIST-NT SmartSPMTM-1000) capable to operate in STM, Atomic Force (AFM) or Shear 

Force (ShFM) microscopy modes (Figure S9, Supporting Information). The STM 
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configuration was chosen for our purposes, in which the oligomers are deposited on a flat 

metallic surface. The laser beam (λ = 638 nm) used to excite the sample was focused on the 

tip through a 100× long working distance objective (Mitutoyo, WD 6.0 mm, NA 0.7), in a 

side-illumination configuration with an angle of θinc = 60° with respect to the vertical axis. 

Polarization is set linear and parallel to the tip axis. The backscattered TERS signal was 

collected by the same objective and driven to the spectrometer. The signal, first dispersed by a 

grating (1200 lines/mm) was acquired by a Peltier cooled CCD camera (Syncerity, Horiba). 

The metallic surface consisted of a gold-coated Si substrate (100 nm 99.99% Au on Si wafer, 

Sigma Aldrich) cleaned by plasma pre-treatment (Harrick Scientific Corp., PDC-002 operated 

at 60 Hz and 0.2 Torr air) for 5 min and then overnight (16 h) immersed in the HypF-N 

oligomer solution. The samples were then rinsed in water to remove the unbound molecules, 

air-dried and finally used for TERS experiments. All the TERS maps were recorded exciting 

with a 0.1 mW laser power at the sample and acquisition time of 30 s. In order to exclude any 

contamination of the tip during the experiments, after each map a control measurement was 

performed on the tip apex with no sample, obtaining only the gold fluorescence background. 

By comparing the TERS intensity to the reference signal measured when the tip is out of 

contact, we estimated an enhancement factor EF ≥ 105 (Figure S10, Supporting Information).  

AFM experiments: The surface morphology of the samples was inspected by tapping mode 

AFM. Images of gold substrates before and after incubation with toxic or non-toxic HypF-N 

oligomers were acquired in air using a Dimension 3100 SPM equipped with “G” scanning 

head (maximum scan size 100 µm) and driven by a Nanoscope IIIa controller, and a 

Multimode SPM equipped with “E” scanning head (maximum scan size 10 µm) and driven by 

a Nanoscope V controller (Digital Instruments-Bruker). Single beam uncoated silicon 

cantilevers (type OMCL-AC160TS, Olympus) were used. The drive frequency was between 

270 and 300 kHz and the scan rate was 0.5-1.0 Hz.  
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