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Abstract

Parkinson’s disease is characterized by the intracellular accumulation of α-synuclein (α-syn) 

amyloid fibrils, which are insoluble, β-sheet-rich protein aggregates. Raman spectroscopy is a 

powerful technique that reports on intrinsic molecular vibrations such as the coupled vibrational 

modes of the polypeptide backbone, yielding secondary structural information. However, in order 

to apply this method in cells, spectroscopically unique frequencies are necessary to resolve 

proteins of interest from the cellular proteome. Here, we report the use of 13C2H15N-labeled α-syn 

to study the localization of preformed fibrils fed to cells. Isotopic labeling shifts the amide-I 

(13C=O) band away from endogenous 12C=O vibrations, permitting secondary structural analysis 

of internalized α-syn fibrils. Similarly, 13C–2H stretches move to lower energies in the “cellular 

quiet” region, where there is negligible biological spectral interference. This combination of well-

resolved, distinct vibrations allows Raman spectral imaging of α-syn fibrils across a cell, which 

provides conformational information with spatial context.
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1. Introduction

Parkinson’s disease (PD) afflicts millions of people worldwide and usually affects people 

over the age of 50. Clinical symptoms of resting tremor, slowness of movement, and rigidity 

are caused by the loss of dopaminergic cells in a midbrain region called the substantia nigra 
[1]. A cellular hallmark of the disease is the presence of cytoplasmic inclusions called Lewy 
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bodies (LBs) [2], which are enriched in amyloid forms of α-synuclein (α-syn), a presynaptic 

protein [3]. α-Syn is genetically associated with PD, with mutations causing early-onset 

autosomal dominant PD, pointing to gain-of-toxicity mechanisms [4–9].

A vertebrate specific protein, α-syn is expressed primarily in neurons of the central nervous 

system (CNS) [10]. It is found at the highest concentrations (~20–100 μM [11, 12]) in the 

presynaptic spaces at the ends of axons. Lower levels of the protein are observed in other 

CNS cell types, and the gene is also transcribed in other tissues [10]. Within neurons, α-syn 

is mostly cytosolic and enriched in presynaptic nerve terminals with some fraction 

associated with synaptic vesicles [13]. Despite extensive study, pinpointing specific 

biological roles for α-syn has proven difficult. Mice with the α-syn gene (SNCA) knocked 

out present no obvious pathology [14]. There are two other α-syn-related proteins expressed 

in neurons, β-syn and γ-syn [13]. For mice with all three synuclein genes knocked out, age-

dependent neuronal dysfunction was observed with altered synaptic structure and 

transmission [15]. Currently, it is thought that α-syn acts as a chaperone protein, aiding the 

rapid re-assembly of the SNARE complex of proteins in the exocytosis process of 

neurotransmitter release into the synapse [16–18].

In addition to the functional connection, there is cellular evidence supporting the 

involvement of α-syn-lipid interactions in cytotoxicity [19] including Golgi fragmentation 

[20, 21], mitochondrial fission [22], and lysosomal malfunction [23]. The relationship 

between membranes and α-syn pathology is further strengthened by observations that 

disease-related mutants exhibit different membrane-binding properties and that prefibrillar 

α-syn has been shown to permeabilize membranes [24–33]. The exact molecular 

mechanisms by which α-syn promotes membrane disruption remain poorly understood [34–

36]. Most recently, cryoelectron microscopic images showed that LBs are crowded with 

lipid membranous materials along with amyloid fibrils [37].

The specific pathogenic roles of α-syn amyloid fibrils remain controversial. While 

prefibrillar aggregates had been thought to be the most cytotoxic [38], fibrils also can elicit 

cell death [39]. Numerous cellular compartments have been implicated and extracellular 

modes of action have been proposed [40, 41]. Emerging results indicate that fibril 

propagation may be an underlying mechanism for the spread of neurodegeneration in PD, in 

a manner similar to the infectivity of prion proteins in prion diseases [42, 43]. In vitro 
generated α-syn fibrils have been shown to seed and amplify endogenous α-syn aggregation 

leading to pathogenesis in cellular and animal models [44]. There is further evidence of cell-

to-cell transfer of α-syn aggregates [40, 41]. Thus, there is still a need to structurally 

characterize amyloid fibrils in a cellular context to gain insights into how they contribute to 

disease progression.

A defining characteristic of all amyloids is a highly-ordered, unbranched filamentous 

morphology, where individual β-strands align perpendicularly to the filament axis. This 

structure is also known as a cross-β fold, owing to the X-ray diffraction patterns that 

filaments exhibit. Recent advances in cryoelectron microscopy have made fibril structures of 

α-syn [45–47] available at near-atomic resolution, adding to existing structures determined 

by solid-state NMR [48, 49]. However, due to their polymorphic nature, other α-syn 
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structures are possible [50, 51] and remain to be determined from cellular and patient-

derived materials [52]. While amyloids can be readily characterized in vitro at the 

ultrastructural level using atomic force or transmission electron microscopies and its β-sheet 

content analyzed by circular dichroism and Fourier transform infrared spectroscopies, direct 

observation of protein conformational changes and amyloid formation in cellular systems 

remains a challenge.

In this work, we use Raman spectral imaging to study α-syn fibrils in cellular environments 

by passively feeding human SK-MEL-28 cells with exogenous α-syn fibrils. We chose 

Raman spectroscopy for cellular studies because it has several advantages. First, protein 

amide bands, which arise from coupled vibrational modes of the polypeptide backbone, 

directly report on protein secondary structure; α-helix and β-sheet show characteristic 

Raman peaks [53]. Second, water is a weak Raman scatterer in the amide-I region in 

contrast to infrared spectroscopy, where water exhibits strong absorption [53]. Third, the 

simplicity of the experiment makes it easily adaptable to any inverted microscope which 

facilitates cellular imaging [54]. Finally, the use of visible light excitation allows for 

diffraction-limited spatial resolution.

To differentiate α-syn from the more abundant endogenous biomolecules, we prepared 
13C2H15N-labeled α-syn in order to shift our signal of interest, the amide-I (predominantly 

C=O stretching) band and hence provide contrast against the overlapping vibrations from the 

cellular background. A particular advantage here is the availability of the aliphatic 13C‒2H 

stretching frequencies for facile identification of α-syn; these vibrations occur in a spectral 

region (2050–2300 cm−1) where there is little contribution from cytosolic biomolecules. 

This approach is analogous to the use of the unnatural amino acid homopropargylglycine 

(HPG), where the terminal alkyne (C≡C) bond yields a stretching frequency ~2112–2117 

cm−1 [55]. To ensure that amyloid fibrils are internalized by cells, fibrils were co-stained 

with an emissive fluorophore (thioflavin-T [56]) and visualized by confocal fluorescence 

microscopy. Raman spectra of isotopically-labeled α-syn fibrils were measured in different 

spatial locations, where the amide-I (13C=O) and 13C–2H stretching bands confirmed the 

presence of β-sheet rich amyloid fibrils upon internalization. By generating maps using 

characteristic vibrational frequencies of endogenous biomolecules including nucleotides, 

lipids, and proteins, we find that the fibrils largely localized to the cellular periphery, with 

some incidence of colocalization with endogenous proteins and lipids in the perinuclear 

region. Interestingly, lipid accumulation in the cytosol was observed even in the absence of 

significant internalization of fibrils. Together, our results demonstrate the utility of isotopic 

labeling and Raman spectroscopy as an imaging approach in cellular investigations, directly 

reporting on both protein identity (13C–2H) and secondary structure (13C=O), information 

which is not easily obtained through other methods.

2. Results and Discussion

2.1. Isotopic labeling provides Raman spectral contrast against cellular background

Comparison of the Raman spectra of natural isotope abundance and 13C2H15N-labeled α-

syn fibrils to a spectrum collected in the cytosol of cultured SK-MEL-28 cells reveals the 

advantages offered by isotopic labeling for studies of proteins in a cellular environment (Fig. 
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1A). The amide-I band (1664 cm−1) of natural isotope abundance α-syn fibrils (Fig. 1A, 

black curve) overlaps entirely with the much broader cellular background bands centered at 

1656 cm−1, which likely are composed of contributions from endogenous protein amide-I 

bands and lipid C=C stretching modes (Fig. 1A, gray curve). 13C2H15N-labeled α-syn has 

an amide-I peak shifted by 44 cm−1 to 1620 cm−1 (Fig. 1A and 1B, blue curve), a slightly 

larger shift than a previous report using 13C-labeling alone [57]. This shift resolves the 

amide-I band of α-syn fibrils from cellular components, in principle permitting examination 

of α-syn secondary structure against a cellular background.

2.2. 13C–2H Stretching frequencies provide a unique cellular Raman signature

The effect of isotopic labeling on the C–H stretching modes in α-syn fibrils is much more 

dramatic, owing to the much larger change in reduced mass. The 13C–2H stretching bands 

are shifted by approximately 800 cm−1 relative to the 12C–1H stretching bands (Fig. 1A), 

placing the 13C–2H frequencies between ~2000 and 2300 cm−1 in the center of the “cellular 

quiet” region of the Raman spectrum from 1880 to 2700 cm−1. Because this region is devoid 

of Raman signals from any naturally occurring biomolecules, any vibrational modes in this 

range are not only readily detectable but also unique, thus allowing direct spectral 

identification of α-syn fibrils within a cell. There are multiple bands with comparable 

intensity to that of the amide-I band. For imaging purposes, this is advantageous as the total 

integrated area of 13C–2H stretches will offer enhanced signal-to-noise. Another key 

advantage of isotopic-labeling over other biosynthetic labeling techniques is that it is 

minimally perturbative to fibril formation, which we confirmed by thioflavin-T (ThT) 

monitored aggregation assays and transmission electron microscopy (TEM, Fig. 2). The 

duration of the lag and growth phases of 13C2H15N-labeled α-syn corresponds closely to 

those of the natural isotope abundance protein, and there are no ultrastructural differences 

apparent by TEM. Collectively, 13C2H15N-labeling provides two distinct spectroscopic 

handles to study α-syn fibrils against a cellular background, a structurally-sensitive amide-I 
13C=O band and a readily detectable 13C–2H signal that uniquely reports on the presence of 

α-syn.

2.3. Cellular internalization of α-syn fibrils

Next, we verified the cellular uptake and internalization of α-syn fibrils in cultured SK-

MEL-28 human melanoma cells. This fibril treatment mimics the cell-to-cell transmission 

mechanism believed to occur in PD progression and is widely considered to be a disease-

related cellular model [44]. We chose SK-MEL-28 as a relevant model due to its high 

expression of endogenous α-syn [58], and because it shares many proteins with neuronal 

cells as it is derived from the neuronal crest [59], hence representing a native environment. 

Moreover, we are interested in studying SK-MEL-28 cells due to a connection between a 

higher incidence of melanoma in PD patients, which could involve α-syn [60].

Natural isotope abundance α-syn fibrils were first formed in the presence of ThT, then 

diluted into media, and added at a final concentration of 10 μM to SK-MEL-28 cells. After 

an hour of treatment, cells are visibly affected, adopting a less extended morphology with 

fewer processes compared to the untreated control cells (Fig. 3). Fibril internalization was 

examined by confocal fluorescence microscopy. ThT fluorescence was observed in some of 
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the cells, where different localization patterns were seen, indicating unequal cellular uptake 

(Fig. 3B). There are different sized clusters of ThT emission with some isolated spots. In a 

few cells, it is also evident that there are larger masses of aggregates associated with cells. 

Internalization of the fibrils was confirmed by inspecting different focal planes and z-

positions (Fig. 3C). Despite a lack of uniformity of uptake, SK-MEL-28 cells do internalize 

exogenously added fibrils.

2.4. Raman spectral imaging of α-syn fibrils in cells

SK-MEL-28 cells were treated with preformed α-syn fibrils without ThT, then washed, 

fixed, and imaged on a Raman microscope. Raman spectra at different spatial locations 

across the cell were measured with a spectral collection window from 1250–3000 cm−1, 

encompassing the fingerprint to the aliphatic C–H stretching regions. Spectra were corrected 

by selecting a spectrum from a location outside the cell containing the fewest spectral 

features and subtracting this spectrum from all spectra, then applying a second degree 

polynomial baseline. Specific spectral regions were integrated to generate Raman maps of 

various endogenous cellular components such as nucleotides (1550–1585 cm−1), proteins 

(2900–2950 cm−1), and lipids (2825–2855 cm−1) [61] as well as isotopically-labeled α-syn 

fibrils using both the 13C=O amide-I band (1590–1625 cm−1) and the distinctive 13C–2H 

stretching bands (2025–2265 cm−1). We show two Raman spectral images taken at a spatial 

resolution of 2 μm in Figure 4.

Maps of the nucleotide spectral region clearly highlight the central location of nucleus with 

some diffuse intensity throughout the cytoplasm (Fig. 4A). Maps of the CH3 12C–1H 

stretching band which reports on endogenous proteins are more evenly diffused throughout 

the cell, but are again concentrated at the central portion of the cell (Fig. 4B). The 

distribution of lipids is indicated by the CH2 12C–1H stretching band, which is clearly 

excluded from the nucleus but is unexpectedly intense throughout the remainder of the 

cellular volume (Fig. 4C). This indicates an accumulation of lipids in the cytosol, which may 

be related to the membrane-disrupting properties of amyloid fibrils. Comparison of the maps 

generated using spectral regions constituting 13C=O amide-I and 13C–2H stretches show 

distinctive features. The amide-I peak appears to be more central and diffusive (Fig. 4D) 

whereas the 13C–2H peaks are more localized to the cellular periphery (Fig. 4E), with some 

fibril infiltration closer to the nucleus (Fig. 4E top panel). Although the fibril amide-I band is 

reasonably well-resolved from the congested fingerprint region, the relatively low intensity 

of this band resulted in comparatively noisy Raman maps. In contrast, the absence of 

interfering signals in the cellular quiet region yielded higher quality maps with superior 

signal-to-noise using the 13C–2H peaks.

2.5. Colocalization of α-syn fibrils with biomolecules in cells

Using these Raman maps, the colocalization of α-syn fibrils (13C–2H bands) and various 

cellular components can be examined (Fig. 5). α-Syn fibrils exhibited little to no 

colocalization with nucleotides (Fig. 5A) whereas there was partial colocalization with 

endogenous protein and lipid signatures, occurring largely at the interface of α-syn-rich and 

protein/lipid-rich regions, appearing as white pixels in Fig. 5B and 5C. In the cell where α-

syn uptake appears to have been more significant (top panel), colocalization of α-syn with 

Watson et al. Page 5

Biophys Chem. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proteins and lipids was observed in the perinuclear region. These differences in 

colocalization are consistent with the variable uptake observed by ThT-staining and may 

represent different stages of fibril internalization and cell damage. Notably, although lipid 

bands are observed throughout much of the cell volume, they are not fully colocalized with 

the 12C–2H bands of the exogenous α-syn (Fig. 5C). This suggests that the cytosolic 

accumulation of lipids occurs without major infiltration by the fibrils themselves.

A composite image (Fig. 5D) generated from the 13C–2H and 13C=O amide-I bands 

highlights the unexpected incongruity between the two. Despite strong colocalization distal 

from the nucleus, there are 13C=O-positive pixels (magenta) devoid of 13C–2H signals in the 

middle of the cell. While intensity differences in the amide-I can be explained by fibril 

structural perturbations inside the cell, the 13C–2H bands should always persist because they 

are expected to be insensitive to structural changes. Upon inspection, it is apparent that the 

differences between these maps likely arise from cellular background interference, because 

the 13C=O amide-I band is not fully resolved from endogenous molecular vibrations. To 

correct for this, a background subtraction was applied. Briefly, an average cellular 

background spectrum was first generated from untreated SK-MEL-28 cells, then normalized 

to the area of the 12C=O amide-I band at each point on the maps of treated cells and then 

used for subtraction. Now, in the background subtracted maps (Fig. 5E), the cellular spectral 

interference is significantly reduced, dramatically improving colocalization between the 
13C=O amide-I and 13C–2H signals, indicating the spatial locations of internalized α-syn 

fibrils.

2.6. Analysis of the 13C=O Amide-I Band in cellulo

The amide-I band is well known to be sensitive to protein secondary structure with peak 

shifts, broadening, and intensity changes indicating differences in conformational states. 

Although this feature has been widely used to examine protein conformational changes in 
vitro, it presents a challenge in cells. Amide-I shape changes are not only difficult to analyze 

against a cellular background, but also in the absence of an internal standard, their intensity 

changes can be misinterpreted as differences in local concentration where none may in fact 

exist. To address this, we employed the cellular background subtraction approach outlined 

previously and coupled it with normalization by the integrated area of 13C–2H bands in 

order to evaluate changes in the 13C=O amide-I band of α-syn fibrils within and across cells.

An additional Raman map made using 13C–2H bands is shown in Fig. 6A with the 

corresponding individual Raman spectra measured at different pixels shown in Fig. 6B and 

6C. Intensity differences are observed in both the 13C–2H (Fig. 6B) and the 13C=O amide-I 

peaks (Fig. 6C). However, upon normalization to the areas of the 13C–2H bands, it is 

apparent that there is not a significant variation in the shape of the measured 13C–2H bands 

as a function of location (Fig. 6D). Similarly, the 13C=O amide-I bands of these normalized 

spectra are comparable in intensity, with consistent peak shapes across the map indicating 

that fibril structure is similar at all spatial locations (Fig. 6E). We do note that there are 

observable shifts in the peak position for a few of the spectra.

Consistent observations were also seen in other cells. Averaging spectra over an entire cell 

shows that there are no appreciable changes in the shape or frequency of the 13C–2H bands 
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(Fig. 6F), while there are slight shifts in the 13C=O amide-I peak position of up to 7 cm−1 in 

the two extreme cases (Fig. 6G). In spite of these shifts, the relative intensities of the 13C=O 

amide-I and 13C–2H bands remain similar to that of in vitro fibrils (black curve) in all 

observed cases, suggesting that β-sheet-containing amyloid structure is retained upon 

cellular uptake.

These findings are in agreement with the results from a previous study that employed 

combined 13C- and HPG-labeling of α-syn [55], where cytosolic lipid accumulation was 

also observed in rat dopaminergic N27 cells treated with preformed fibrils. Here, however, 

we present mapping of whole cells by using the significantly more intense 13C–2H 

stretching bands compared to that of the C≡C stretching band of HPG. We note that a related 

approach was used in another recent study, in which poly-Q aggregates were metabolically 

labelled with deuterated glutamine amino acids and mapped in cells by stimulated Raman 

imaging [62]. While the use of metabolic labeling enables imaging of endogenously 

expressed proteins, it is restricted to proteins that are highly enriched in a specific amino 

acid with variable levels of background labeling. By comparison, our approach is entirely 

free of background signals and provides unambiguous localization of the internalized 

exogenously added proteins.

3. Conclusion

Isotopic labeling of α-syn amyloid fibrils combined with Raman spectroscopy offer a unique 

method for imaging exogenous proteins against the background of cellular components. 
13C–2H stretching bands are intense, well-resolved from endogenous vibrational modes and 

insensitive to structural and environmental changes. This permits robust and reliable 

identification of α-syn distribution in a cellular environment and serves as an internal 

concentration standard relative to the amide-I band, which is sensitive to secondary 

structural changes. The 13C2H15N-labeled amide-I band is sufficiently separated from the 

amide-I band of endogenous proteins that changes in the peak frequency can be measured, 

allowing evaluation of structural integrity of the isotopically-labeled α-syn fibrils.

Raman mapping also affords simultaneous observation of endogenous cellular biomolecules, 

which revealed an accumulation of lipids in the cytosol, despite little α-syn buildup in this 

same region. Fibrils localize primarily to the cellular periphery, partially colocalizing with 

endogenous lipids and proteins. Critically, isotopic substitution is a uniquely nonperturbative 

labeling technique, which is an especially important concern in the study of amyloidogenic 

proteins, which have been demonstrated to be highly polymorphic, with fibril structure 

believed to be intricately linked to disease. The data presented here lay the groundwork for 

studying protein structural changes in the cellular environment, demonstrating the feasibility 

of mapping Raman spectra across entire cells and resolving the amide-I band from the 

cellular background, which has broad applicability to other amyloidogenic systems. Much 

remains to be explored, particularly development of spectroscopic approaches for direct 

observation of the monomer to fibril transition within a cell. A potential attractive 

methodology for future investigation is the incorporation of a genetically-encoded Raman 

probe, which would enable measurement of endogenously expressed proteins in a cellular 

environment.
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4. Materials and Methods

4.1. Protein expression and purification

Natural isotope abundance α-syn was expressed in E. coli using the pRK172 plasmid [63] as 

described previously [64]. 13C2H15N-labeled α-syn was expressed in M9 media prepared 

with D-glucose (U-13C6, 1,2,3,4,5,6,6-D7), 15NH4Cl and D2O (Cambridge Isotopes 

Laboratories) according to previously published protocols [57, 65]. Proteins were purified by 

anion exchange chromatography as described previously [64]. Protein homogeneity was 

evaluated by SDS-PAGE. Protein molecular weights were confirmed by LC-ESI-MS 

(NHLBI Biochemistry Core Facility). Isotopic-labeling efficiency is estimated to be 96% 

based on the measured mass of 15,966.56 Da (expected mass: 16,026.95 Da). Purified 

protein was flash-frozen in liquid N2 and stored at −80 °C until use.

4.2. Amyloid formation and kinetics

Protein solutions were exchanged into pH 5 buffer (10 mM NaOAc and 100 mM NaCl) 

using a PD-10 desalting column (GE Healthcare) and then filtered (YM100 membranes; 

Millipore) immediately prior to aggregation to remove any preformed aggregates. Protein 

solutions were then incubated in 1.5 mL Eppendorf tubes at 37 °C and shaken at 600 rpm 

(Mini-Micro 980140 shaker, VWR) for 3–5 days to form fibrils. For ThT-monitored kinetics, 

α-syn and ThT were diluted into acetate buffer to final concentrations of 50 μM and 5 μM, 

respectively. Samples were aliquoted into a 384-well polypropylene microplate (Greiner 

Bio-One cat. 781209) with a 2.0 mm glass bead in each well and sealed with an optically 

clear adhesive film (Applied Biosystems cat. 4311971). ThT fluorescence was recorded at 

30 min intervals on a Tecan Infinite M200 microplate reader (37 °C with 3-mm amplitude 

linear shaking) using excitation and emission wavelengths of 415 nm and 480 nm, 

respectively.

4.3. Raman Spectral Imaging

Raman spectra were recorded on a home-built Raman microscope [54] as previously 

described [55]. Briefly, the 514-nm line of an argon-ion laser (CVI Melles Griot, 35-

MAP-431–200) was passed through a clean-up filter (Semrock, LL01-514-25) and directed 

to the sample using a dichroic mirror (Semrock, LPD01–514RU-25×36–1.1) and a 60× 

water-immersion objective (Olympus, UPLSAPO60XW) on an inverted microscope 

(Olympus IX71). Spontaneous Raman Stokes scattering was collected by the same objective, 

then directed through a filter (Semrock, LP02–514RE-25) into an imaging spectrometer 

(Horiba Scientific, iHR 320, 1200 gr/mm). A pinhole (400-μm, Thorlabs) at the imaging 

plane was used before the 50-μm entrance slit. Individual spectra were collected with 25 

accumulations (10-s integration time) from 500–3700 cm−1 for in vitro fibril data or 2–3 

accumulations (5–20-s integration time) from 1250–3000 cm−1 for cellular data on a liquid 

nitrogen cooled, back illuminated deep-depletion CCD array (Horiba Scientific, Symphony 

II, 1024×256 px, 26.6 mm × 6.6 mm, 1 MHz repetition rate, high-gain enabled, pixels 120–

146 in the y-direction were binned). Bright-field images were collected using a USB 2.0 

camera (iDS, UI-1220-C). Raman mapping was achieved using a Märzhäuser Wetzler 

motorized XYZ-stage (SCAN IM 120×80, Tango controller). Daily calibration of imaging 
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spectrometer was performed using neat cyclohexane (20 μL in a sealed capillary tube). 

Bandpass and accuracy were found to be <12 cm−1 and ± 1 cm−1, respectively.

4.4. Transmission electron microscopy

α-Syn fibrils were deposited on 400 mesh formvar-coated copper grids (Electron 

Microscopy Sciences) for 1 min and excess sample was wicked away with filter paper. The 

grids were washed by quickly applying and wicking away a drop of deionized water. Grids 

were then stained with 1% uranyl acetate for 1 min and excess liquid was wicked away with 

filter paper. Grids were imaged on a JEOL EM-1200 EXII electron microscope (accelerating 

voltage 80 keV) equipped with an AMT XR-60 digital camera (NHLBI EM Core Facility).

4.5. Cell culture and fibril treatment

SK-MEL-28 (ATCC HTB-72) cells were maintained in phenol-free minimum essential 

medium (MEM, Thermo Fisher 41061307) supplemented with 10% fetal bovine serum 

(FBS, ATCC 30–2020) and 2% penicillin/streptomycin at 37 °C in 5% CO2. When cells 

reached 70–80% confluency, they were trypsinized by addition of 0.05% trypsin-EDTA 

(Gibco, Cat. No. 2520056) for 5 min at RT.

For confocal fluorescence imaging of ThT-stained fibrils, resuspended cells were added to 

poly-D-lysine coated coverslips at a 1:10 dilution and allowed to grow for 24 h. Fibrils 

stained with ThT were pelleted by centrifugation (16,000 ×g, 20 °C, 30 min), resuspended in 

fresh PBS (KD Medical, Cat. No. RGF-3210), diluted into growth media and added to cells. 

An identical volume of PBS was added to the control cells to mirror the fibril treatment 

condition. After 1 h incubation, cells were washed 3× with PBS and fixed in a 2.5% 

paraformaldehyde solution (Electron Microscopy Sciences, Cat. No. 15710) for 15 min, 

washed 3× with PBS, and stored at 4 °C until imaging.

For Raman imaging experiments, resuspended cells were added to Nunc Lab-Tek II 

chambered slides (Thermo Fisher, Cat. No. 155411) at a 1:10 dilution and allowed to grow 

for 24–48 h. Fibrils were pelleted by centrifugation (16,000 ×g, 20 °C, 30 min), resuspended 

into PBS and probe-tip sonicated for 30-s on a 50% duty cycle before diluting to a final 

concentration of 25 μM into growth media, and then added to cells. After 24 h incubation, 

cells were washed, fixed and stored as before.

4.6. Confocal fluorescence microscopy

Samples were imaged using a PlanApo N 60×/1.42 NA oil objective (Olympus, Tokyo, 

Japan) on an Olympus IX73 inverted microscope fitted with a Thorlabs Confocal Laser 

Scanner (CLS-SL) fiber coupled to a multichannel CMLS-E laser source. ThT was excited 

using a 405-nm laser and fluorescence was collected using a 482/18 nm Brightline bandpass 

filter (Semrock) by a high-sensitivity GaAsP photomultiplier tube. A 50-μm pinhole was 

used and the scale was 0.202 μm/pixel.

4.7 Raman spectral imaging analysis

Raman spectra were analyzed in the LabSpec 6 software (Horiba Scientific). For in vitro 
spectra, separate buffer background spectra were acquired and subtracted from fibril spectra 
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before applying a second degree baseline polynomial fit. For Raman maps, a spectrum from 

the periphery with the fewest spectral features was selected as a background and subtracted 

from all spectra. A second degree polynomial baseline fit was then applied to all spectra. 

Maps of cellular features were prepared by integrating with a linear baseline subtraction over 

a defined spectral region at all map points. To further remove background contributions, 

Raman spectra from a map of an untreated control SK-MEL-28 cell were averaged together, 

normalized to the area of the 12C=O amide-I band at each point on a map of fibril-treated 

cells and subtracted from the spectrum at each point. Cellular data were smoothed using a 

Savitzky-Golay algorithm.

Colocalization images were prepared in the FIJI software. A gaussian blur was applied to the 

Raman maps and subtracted from the raw image to remove background signal. Colocalized 

pixels were identified by a Boolean algebra intersection function, and composite images 

were generated by merging the colocalized pixels with the original Raman maps as three 

color channels.
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Fig 1. Raman spectroscopic comparison of α-syn fibrils with cellular background.
(A) The Raman spectrum of natural isotope abundance α-syn amyloid fibrils (black) 

overlaps with the cellular background (gray), whereas the Raman spectrum of 13C2H15N-

labeled fibrils (blue) possesses several features that are distinctive against a cellular 

background. The 13C–2H stretching frequencies are red-shifted by approximately 800 cm−1 

relative to the 12C–1H stretches, appearing in the “cellular quiet” region (1880–2700 cm−1). 

(B) An expanded view of the amide-I band. The characteristic β-sheet 13C=O amide-I peak 

(blue) is red-shifted by 44 cm−1 relative to the 12C=O amide-I band (black).
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Fig. 2. Amyloid formation of 13C2H15N-α-syn.
(A) ThT-monitored aggregation kinetics of natural abundance α-syn (black) and 13C2H15N-

α-syn (blue). Averages (line) and standard deviations (shaded area) of three replicates are 

shown ([α-syn] = 50 μM and [ThT] = 5 μM in pH 5 buffer at 37 °C with shaking). (B) TEM 

images of 13C2H15N-α-syn (top) and α-syn (bottom) fibrils. Scale bars are as indicated.
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Fig. 3. Cellular internalization of α-syn fibrils visualized by ThT emission.
(A) Bright-field images of untreated control SK-MEL-28 cells. (B) Overlay of bright-field 

and confocal fluorescence images of SK-MEL-28 cells after 1 h treatment with ThT-stained 

α-syn amyloid fibrils (10 μM). (C) Confocal fluorescence z-stack images (z step-size = 5 

μm) of an SK-MEL-28 cell after 1 h treatment with ThT-stained α-syn amyloid fibrils (10 

μM). Scale bars are 20 μm.
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Fig. 4. Raman spectral imaging of SK-MEL-28 cells treated with 13C2H15N-α-syn fibrils.
Maps of two individual cells indicating the locations of endogenous biomolecules including 

(A) nucleotides, (B) proteins, (C) lipids, along with the presence of 13C2H15N-α-syn fibrils 

as determined by (D) 13C=O amide-I and (E) 13C–2H stretching bands, generated by 

integrating regions of the Raman spectrum as indicated. Maps are overlaid with bright-field 

images, and boxes indicate the measurement area (2 μm steps).
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Fig. 5. Colocalization Raman maps.
Composite Raman maps of 13C–2H stretching bands (cyan, 2025–2265 cm−1) with other 

biomolecules including (A) nucleotides (magenta, 1550–1585 cm−1), (B) endogenous 

proteins (magenta, 2900–2950 cm−1), and (C) lipids (magenta, 2825–2855 cm −1) as well as 

with the 13C=O amide-I peaks before (D) and after (E) cellular background subtraction 

(magenta, 1590–1625 and 1598–1626 cm−1, respectively). Colocalized areas appear as 

white. Two individual cells are shown in the upper and lower panels. Scale bars are as 

indicated.
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Fig. 6. Raman spectra of internalized fibrils.
(A) Raman map of 13C–2H stretches (blue) overlaid with the bright-field image. Box 

indicates measurement area (7.5 μm steps). Raman spectra in the 13C–2H stretching and the 

amide-I regions with cellular background subtracted (B and C) and normalized by the area 

of the 13C–2H stretching bands (D and E). Their respective spatial locations are indicated by 

numbers in (A). The intervening spectral region was omitted for clarity. Comparison of 

additional Raman spectra (red and blue) to in vitro fibrils (black) in the 13C–2H (F) and 
13C=O amide-I (G) regions. These are averaged and normalized spectra from two additional 

cells.
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