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Highlights 

• Deuterated cholesterol (dChol) used as an intrinsic vibrational sensor 

• Lower detection threshold of intracellular dChol for Raman than FT-IR 

• AFM-IR reveals phases of lipid droplet formation in nanoscale  

• CBD alters cholesterol uptake, esterification, and lipid unsaturation profiles 

Abstract 

Understanding lipid metabolism in peripheral glial cells is crucial for elucidating the 

molecular mechanisms underlying neurodegeneration, cancerogenesis and therapy resistance. 

Here, we introduce a spectrolipidomic sensing approach that integrates Raman, FT-IR, and 

AFM-IR spectroscopy to monitor nanoscale cholesterol remodeling in glial cells exposed to 

cannabidiol (CBD). Deuterated cholesterol (dChol) was employed as an intrinsic, 

spectroscopically active molecular probe, enabling selective tracking of cholesterol 

transformations through characteristic C–D vibrational signatures within the 2300–2000 cm⁻¹ 

silent spectral region. Multimodal vibrational spectroscopy provided label-free, spatially 

resolved insight into lipid organization, redistribution, and metabolic reprogramming across 

micro- and nanoscales. The dChol probe enabled semi-quantitative evaluation of cholesterol 

uptake, esterification, and membrane integration, revealing that the sequence of CBD exposure, 

before or after probe addition, triggers distinct lipid metabolic pathways. Raman spectroscopy 

demonstrated superior sensitivity, with reliable detection of intracellular dChol at 

concentrations as low as 10 µM, outperforming FT-IR imaging and confirming its suitability 

for cell lipid sensing. This analytical platform establishes deuterium-labeled lipids as powerful 

vibrational sensors for probing lipid metabolism and CBD-induced remodeling in situ. The 

presented spectrolipidomic framework paves the way for next-generation, spectroscopy-based 
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biosensing systems capable of visualizing lipid dynamics, membrane restructuring, and drug–

lipid interactions under pharmacological or environmental stress conditions. 

Key words: biosensing, Raman imaging, nanospectroscopy, spectrolipidomics, cholesterol 

metabolism, cannabidiol 

1. Introduction 

Lipids play a fundamental role in cellular physiology, forming the structural and 

functional basis of biological membranes while participating in energy storage, signaling, and 

stress response mechanisms. In peripheral glial cells, including Schwann cells and malignant 

peripheral nerve sheath tumor (MPNST) cells, lipid composition is highly dynamic and reflects 

both the specialized functions of glial membranes in nerve regeneration and the biochemical 

reprogramming associated with tumorigenic transformation.[1],[2],[3] Moreover, in MPNST, 

one of the most aggressive soft tissue sarcomas of the nervous system, deregulated lipid 

metabolism contributes to uncontrolled proliferation, invasiveness, and therapy resistance.[4] 

Among bioactive compounds influencing lipid metabolism, cannabidiol (CBD) has 

gained significant attention due to its regulatory effects on cellular homeostasis, oxidative 

stress, and membrane organization.[5],[6] CBD modulates lipid pathways by interacting with 

the endocannabinoid system and enzymes involved in lipid synthesis and degradation.[7] 

Several studies have demonstrated that CBD alters cholesterol metabolism, lipid droplet 

formation, and membrane fluidity, thereby influencing signaling, vesicle trafficking, and 

mitochondrial activity.[8],[9],[10],[11] Moreover, membrane lipid composition, particularly 

cholesterol content and lipid order, can modulate cellular responses to anticancer therapies, 

including radiotherapy.[12],[13],[14] Alterations in membrane rigidity, redox status, and lipid 

raft structure affect the generation of reactive oxygen species (ROS) and the activation of death 

pathways following ionizing radiation. [15],[16] Lipid peroxidation also underlies ferroptosis, 

an iron-dependent cell death process triggered by excessive lipid oxidation. [17],[18] 

Consequently, modulation of lipid composition by compounds such as CBD may influence 

radiosensitivity by regulating ROS levels and lipid peroxidation. Despite these insights, the 

direct biochemical consequences of CBD-induced lipid remodeling remain poorly understood, 

largely due to the lack of non-destructive analytical tools capable of visualizing lipid 

transformations in situ. 

To address these analytical challenges, vibrational spectroscopy offers a powerful, 

label-free approach for studying lipid organization, dynamics, and biochemical remodeling 
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within intact cells.[19],[20],[21] Raman and infrared (IR) spectroscopy provide unique spectral 

fingerprints that allow selective tracking and semiquantitative analysis of lipid composition and 

distribution under various conditions. Here, we introduce the concept of spectrolipidomics, the 

application of vibrational spectroscopy combined with isotopically labeled lipid probes to study 

lipid metabolism and organization in living cells. This approach offers a chemically specific, 

non-invasive framework for monitoring lipid transformations and correlating molecular 

composition with cellular function.  

Deuterated lipid analogs serve as intrinsic spectroscopic probes, introducing 

characteristic C–D stretching vibrations in the 2300-2000 cm⁻¹ “silent” spectral window, where 

endogenous biomolecules contribute minimally.[22],[23],[24] Their incorporation allows 

selective detection of lipid localization and dynamics within complex cellular environments. 

Similar principles have been applied using azide probes as infrared metabolic sensors.[25] In 

contrast to conventional methods such as mass spectrometry (MS) or nuclear magnetic 

resonance (NMR), which require destructive sample processing, vibrational spectroscopy 

enables non-invasive, spatially resolved biochemical analysis of intact systems.  

 In this study, we propose a spectroscopic approach combining Raman, FT-IR and AFM-

IR analyses to investigate CBD-induced lipid remodeling in peripheral glial cells. Using 

deuterated cholesterol as a spectroscopic probe, we establish a novel sensing strategy for semi-

quantitative tracking of cholesterol dynamics through characteristic C–D vibrational modes. 

Nanoscale analysis relied on alternative lipid-associated vibrational markers, including the ester 

carbonyl band at ~1740 cm⁻¹, to indirectly monitor the incorporation and redistribution of dChol 

within cellular lipid structures. This spectrolipidomic framework provides a label-free, 

chemically specific tool for probing drug–lipid interactions and metabolic responses in native 

cellular environments, advancing molecular sensing in lipid biology and cancer research. 

2. Materials and Methods 

2.1. Reagents 

Cannabidiol 

A stock solution of cannabidiol (CBD; Merck) was purchased as 1.0 mg/mL solution in 

methanol and stored at −20 °C, according to manufacturer 's recommendation. The stock was 

serially diluted in methanol to obtain 1000 µM concentration. For cell treatment, the 1000 µM 

solution was further diluted with culture medium to reach a final CBD concentration of 3 µM. 

The methanol content in all working solutions was adjusted to remain constant at 0.001% (v/v), 
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ensuring that the solvent had no measurable influence on cellular biochemistry. Control samples 

were treated with an equivalent volume of methanol (0.001%) to maintain experimental 

consistency and ensure reliable comparison between CBD-treated and control cells. 

Cholesterol and deuterated cholesterol 

Methyl-𝛽-cyclodextrin, cholesterol and d6-cholesterol were purchased from Sigma. Cholesterol 

and d6-cholesterol/methyl-𝛽-cyclodextrin stock complexes were prepared using a methyl-𝛽-

cyclodextrin to cholesterol (d6-cholesterol) ratio of 6.2:1 [22] and a final concentration of 1µM, 

10µM, 50µM and 100µM for both compounds. The various concentrations of cholesterol were 

implemented only for the comparison of possible H2 cytotoxic effect from d6-cholesterol on 

studied cells investigated by MTS viability assay (Supporting Information, Fig. S1). 

2.2. Cell Culture, CBD and Lipid Administrations, MTS assay 

Cell culture  

Human Schwann (normal, hTERT NF1 ipnNF95.11c) and malignant MPNST (cancer, 

sNF02.2) cell lines were purchased and cultured according to ATCC protocol in DMEM 

medium, supplemented with 10% of FBS (fetal bovine serum), 100 U/ml penicillin–

streptomycin solution. MPNST cell line was additionally supplemented with L-glutamine. The 

cells were grown in 75 cm3 flasks at 37°C in an atmosphere of 5% CO2. Prior to each 

experimental treatment, cells were serum-starved for 2 h in Dulbecco’s phosphate-buffered 

saline (DPBS) containing Ca²⁺ and Mg²⁺. Following serum starvation, cells were subjected to 

cholesterol or d₆-cholesterol treatments at final concentrations of 1, 10, 50, or 100 µM. To 

investigate the order-dependent effects of cannabidiol (CBD) and d₆-cholesterol, two sequential 

incubation protocols were applied. In the first protocol, cells were incubated with CBD for 24 

h, after which d₆-cholesterol was added and incubation was continued for an additional 24 h. In 

the second protocol, cells were first incubated with d₆-cholesterol for 24 h, followed by CBD 

treatment for a further 24 h.  

The experimental workflow was visualized on Fig. 1. 

CBD incubation 

A CBD concentration of 3 µM was selected based on its previously demonstrated effects on 

lipid metabolism, as reported in our earlier studies.[11] Both cell lines were incubated with 

3µM CBD concentration 24h before or after d6-cholesterol administration. 

Cholesterol/d6-cholesterol administration 
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The prepared solutions of cholesterol/cyclodextrin and d6-cholesterol/cyclodextrin with 1µM, 

10µM, 50µM and 100µM concentrations were applied to cell culture. The use of this 

concentration range for d₆-cholesterol enabled determination of the limit of detection for the 

spectroscopic analyses. Based on these results, a concentration of 50 µM d₆-cholesterol was 

selected for subsequent experiments in combination with CBD. Moreover, the Raman and FT-

IR spectra of cholesterol and d6-cholesterol are presented at Fig. S2 (Supporting Information). 

MTS assay 

CBD influence on the cells viability and metabolic activity was already investigated in our 

previous studies.[11] For lipids cytotoxicity the cells were tested using CellTiter 96 AQueous 

One Solution Cell Proliferation Assay (Promega) with tetrazolium compound. Both cell lines 

were investigated after 24 h of incubation with 1µM, 10µM, 50µM and 100µM concentration 

of cholesterol/cyclodextrin (d6-cholesterol/cyclodextrin) and after 48h for the mixtures of 

50µM d6-cholesterol/3µM CBD and 3µM CBD/50µM d6-cholesterol. 

Cells were seeded in 24-well plates at a density of 15,000 /well and 24h after seeding cells were 

serum-starved for 2h in DPBS with Ca2+ and Mg2+. Next, cells were treated with a selected 

concentration of implemented compounds. CellTiter 96® AQueous One Solution reagent was 

added directly to the culture wells and incubated for 1 hour at 37°C. Then the absorbance of 

formazan was recorded at 490 nm with a Spark 10 M (Tecan) multimode microplate reader. 

The absorbance values obtained with the untreated cells (control, additionally treated with 

methanol and methyl-𝛽-cyclodextrin) were used for data normalization. Assays were conducted 

in triplicate. The MTS assays results can be found in Supporting Information, Fig. S1. 

2.3. Spectroscopic investigations 

Raman, FT-IR, and AFM-IR measurements 

All spectroscopic measurements were performed on cells seeded on calcium fluoride windows 

(Crystran Ltd., UK) inside 12-well plates and kept in an incubator at 5% CO2 and 37°C for 24 

h to promote adhesion and growth. Then particular set of samples were treated with (1) 1µM, 

10µM, 50µM and 100µM concentration of d6-cholesterol/cyclodextrin to determine the 

spectroscopic limit of detection, (2) 50µM d6-cholesterol, (3) 3µM CBD. After 24 hours (1) set 

of samples were rinsed twice with phosphate-buffered saline (PBS) for 5 min and fixed with 

4% paraformaldehyde (PFA) in PBS for 20 min. Then, all samples were washed with PBS (3 

times for 2 min) to remove PFA residues. (2) were incubated with 3µM CBD, (3) were 
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incubated with 50µM d6-cholesterol and left for 24 hours (Fig. 1). Then also these samples (2 

and 3) were fixed with PFA as described above. For Raman measurements, samples were left 

in PBS solution. Before FT-IR and AFM-IR measurements samples were washed twice in 

ultrapure water and then dried under a gentle stream of nitrogen. This sample preparation 

protocol was selected based on our recently published work, which demonstrated that it 

provides optimal preservation of both molecular composition and morphological integrity of 

the samples.[26] All solutions were prepared using ultrapure water (DirectQ 3 UV, Millipore, 

USA).  

 

Figure 1. Conceptual overview of the spectrolipidomic sensing platform employing deuterated 

cholesterol probes for semiquantitative Raman, FT-IR and AFM-IR detection of lipid modulation. 

Raman imaging of individual cells was performed using a Renishaw InVia Raman spectrometer 

integrated with a confocal optical microscope. Excitation was provided by an air-cooled solid-

state laser (λ = 532 nm), and the scattered light was detected with a CCD detector maintained 

at −70 °C. A 60× water-immersion objective (LUMPlanFL, NA 1.0; Olympus) was applied to 

achieve high spatial resolution and minimize refractive index mismatches during imaging. 

Raman maps were collected from the entire cell area for 15 cells per condition, using a 0.5 µm 

step size, an integration time of 0.3 s (1 accumulation), and a spectral resolution of 

approximately 1.5 cm⁻¹. The spectrometer calibration was performed using an internal silicon 

.CC-BY 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 28, 2026. ; https://doi.org/10.64898/2026.01.26.701843doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.26.701843
http://creativecommons.org/licenses/by/4.0/


standard. Single-cell FT-IR hyperspectral images were acquired using a HYPERION 3000 

infrared microscope (Bruker, Ettlingen, Germany) equipped with a 36× objective and coupled 

to a VERTEX 70v spectrometer operating in transmission mode. The focal plane array (FPA) 

detector captured images with a 64 × 64-pixel format, corresponding to a projected pixel size 

of 1.1 µm × 1.1 µm, enabling spatially resolved chemical mapping of cellular components. FT-

IR images were acquired from 15 cells for each condition within the spectral range of 900–3800 

cm⁻¹, at a spectral resolution of 4 cm⁻¹ and 256 scans per spectrum. AFM-IR nanospectroscopy 

investigations were performed using a NanoIR2 spectrometer (Anasys Instruments, Santa 

Barbara, CA, USA) operating in contact mode. Measurements were conducted with silicon 

gold-coated PR-EX-nIR2 probes (tip diameter: ~30 nm; resonance frequency: 13 ± 4 kHz; 

Anasys Instruments, USA). Contact resonances were selected using an 180 kHz search location 

and a 50 kHz half-width Gaussian filter. Spectra were collected using a multichip tunable 

quantum cascade laser (QCL; MIRcat-QT, Daylight Solutions) covering the 3000–2800 cm⁻¹ 

and 1800–900 cm⁻¹ ranges, with a spectral resolution of 2 cm⁻¹. For each condition, spectra 

were recorded from 10 points positioned diagonally across 10 individual cells, by co-averaging 

256 excitation pulses. For AFM topography acquisition, the cantilever scan rate was set to 0.05 

Hz. The spatial resolution was approximately 160 nm, as the measured area (80 × 80 µm) 

comprised 500 × 500 measurement points. 

Data analysis 

Raman images were processed using WiRE software (ver.5.3, Renishaw, United Kingdom). 

The steps included removal of cosmic rays, noise filtering, baseline correction, and min-max 

normalization of all spectra. Subsequently, hierarchical cluster analysis (HCA) was applied to 

distinguish subcellular components based on their spectral profiles. Euclidean distance and 

Ward’s method were used to determine spectral distances and define individual clusters. 

FT-IR data were preprocessed using Matlab 2017 and OPUS software (ver. 7.5, Bruker Optics, 

Germany). Mean spectra were extracted from individual cells, followed by min-max 

normalization in the amide I region to minimize effects related to sample thickness. The second 

derivative of the IR spectra was then calculated using the Savitzky–Golay method with 13 

smoothing points.[11] 

AFM-IR spectra were analyzed with Analysis Studio (ver. 3.14). Spectra were smoothed using 

a third-order Savitzky–Golay polynomial with five data points, normalized via min-max 
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normalization, and presented as second derivative spectra.[27] Three-dimensional AFM and 

AFM-IR images were generated using MountainsMap software (ver. 7.3, Digital Surf, France). 

The areas under selected Raman, FT-IR, and AFM-IR bands (integral intensities) were 

calculated using OPUS (ver. 7.5, Bruker Optics, Germany). Box plots were then constructed 

from these values to visualize biochemical variations within cells. Statistical analysis of 

variance was performed using ANOVA in OriginPro software, and Tukey’s test was applied to 

determine significance levels (p-values). 

Principal Component Analysis (PCA) was performed using Unscrambler X (ver. 10.3). 

Depending on the dataset, PCA was calculated for selected spectral regions using a leave-one-

out cross-validation method and the Nonlinear Iterative Partial Least Squares (NIPALS) 

algorithm for data decomposition. The initial decomposition included seven principal 

components (20 iterations, NIPALS algorithm), and the results were visualized as three-

dimensional score plots accompanied by corresponding loading plots. 

3. Results and Discussion 

Evaluating detection limits of deuterated probe via Raman and FT-IR spectrolipidomics 

The limit of detection (LOD) for the proposed deuterated probe (d₆-cholesterol, dChol) 

was determined using both Raman and FT-IR spectroscopy (Fig. 2). Following administration 

dChol at initial concentrations of 1-100 µM to peripheral glial cell lines, Raman spectroscopy 

enabled tracking of probe accumulation within the cytoplasm based on C–D band integration 

in hyperspectral maps (Fig. 2, C-E). Owing to the capability of Raman spectroscopy to measure 

cells in buffer, thus preserving their native morphology and volume, well-defined lipid droplets 

(LDs) of various sizes were clearly visualized. At higher probe concentrations (≥10 µM), LD 

accumulation increased markedly around the nucleus. Cluster analysis differentiated the mean 

spectra of LDs, cytoplasm, and nuclei, confirming LD localization within the cytoplasmic 

region without affecting nuclear composition (Fig. S3, C-D).  

Based on mean cytoplasmic spectra, the LOD for dChol was evaluated for both cell 

lines (Fig. 2, F, G). The characteristic C–D bands appeared between 2250 and 2000 cm⁻¹ (at 

2216 cm⁻¹, 2120 cm⁻¹, and 2065 cm⁻¹), consistent with marker bands observed in the pure dChol 

spectrum (Fig. S2, A). For both cell types, these bands became clearly detectable at 

concentrations ≥10 µM, with intensity increasing in a dose-dependent manner. Integration of 

the C–D bands enabled semi-quantification of intracellular probe levels. In Schwann cells, the 

correlation between deuterium-related band intensity and concentration was linear (Fig. S4, A. 
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R² = 0.9992), indicating consistent uptake and distribution. In contrast, MPNST cells showed 

weaker correlation (Fig. S4, B. R² = 0.8212), suggesting greater signal heterogeneity likely 

linked to altered lipid metabolism or structural organization in the cancer phenotype (Fig. 2, H, 

I). [28],[29]  

The same experiment performed using FT-IR imaging required sample drying due to 

water absorption overlapping with cellular spectra. Despite this limitation, C–D bands remained 

detectable (Fig. 2, J, K), though only at higher probe concentrations (50-100 µM). The observed 

pattern was consistent with the pure dChol spectrum (Fig. S2, B). However, integrated band 

intensity analysis revealed no statistically significant difference between the 50 µM and 100 

µM samples (Fig. 2, L, M). Therefore, Raman spectroscopy proved more suitable for semi-

quantitative evaluation of active deuterated lipid probes in cells. 
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Figure 2. Exemplary chemical Raman maps of peripheral glia cells body (A-E) and distribution of C–

D bands within accumulated lipid droplets (1C-1E) following incubation with 0 µM, 1 µM, 10 µM, 50 

µM, and 100 µM concentrations of d6-cholesterol. Scale bar equals 10µm. Spectral ranges 

corresponding to the cytoplasm with assigned C–D vibrational bands are shown for Raman (F, G) and 

FT-IR (J, K) spectroscopy. The sum of integrated C–D bands intensities calculation for Raman (H, I) 

and FT-IR (L, M) spectra is also presented. Statistical significance was determined using the one-way 

ANOVA (***p<0.001, p**<0.01). 
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Tracing deuterated cholesterol uptake in glial cells beyond C–D vibrations at nanoscale 

 High-resolution AFM imaging of Schwann and MPNST cells revealed distinct 

topographical alterations following dChol probe administration (Fig. 3, A-J). During sample 

drying, LDs lost their spherical shape seen in Raman imaging, leaving voids in the cytoplasm 

corresponding to their original locations (Fig. 3, D-E, I-J, yellow arrows). Height profiles across 

the nuclei (Fig. 3, 1A-E, red traces) showed that increasing dChol concentration did not affect 

nuclear height in Schwann cells, which remained around 800 nm. In contrast, MPNST cells 

displayed marked nuclear remodeling: while low probe levels (1-10 µM) remain similar heights 

(~800 nm), greater concentrations (50-100 µM) caused pronounced deformation and elevation, 

reaching ~1600 nm (Fig. 3, 1J). Cytoplasmic thickness analysis showed that untreated Schwann 

cells had approximately fourfold thicker cytoplasm than MPNST cells (100 nm vs. 400 nm; 

Fig. 3, 2A, 2F). At greater probe concentrations (50-100 µM), both cell lines exhibited an 

additional increase of 200-500 nm in Schwann and 300-800 nm in MPNST cells. Remarkably, 

the cavities left after LD assembly in MPNST cells treated with 100 µM dChol reached ~1400 

nm in depth. These differences likely reflect metabolic reprogramming typical of cancer cells. 

[29] Schwann cells, with slower lipid turnover, incorporated dChol without excessive 

accumulation, as indicated by larger cytoplasmic signal variation between concentrations (Fig. 

2, H). Conversely, MPNST cells, characterized by elevated lipid demand, displayed greater 

probe uptake and smaller inter-concentration differences due to faster lipid cycling (Fig. 2, 

I).[30] Such lipid remodeling may also influence nuclear architecture, consistent with previous 

reports linking LDs expansion to nuclear indentation in oleic acid treated hepatic cells.[31] 

As AFM-IR employ segmented (QCL) infrared sources, such systems typically exclude 

the 2800-1800 cm⁻¹ “silent” spectral region. Consequently, identification of deuterated probe 

incorporation by AFM-IR required alternative spectral markers. Principal component analysis 

(PCA) was therefore employed to identify non-C–D spectral features associated with dChol 

uptake (Fig. 3, K-L). In Schwann cells, PCA revealed clear separation between low (0-10 µM) 

and high (50-100 µM) probe concentrations in the 3D score plot (Fig. 3, K). High-concentration 

samples showed positive PC-1 scores linked to negative loadings, consistent with the second 

derivative preprocessing. An intensity increase at 1740 cm⁻¹ (ester C=O stretch) with rising 

probe concentration suggested partial conversion of d₆-cholesterol to d₆-cholesteryl esters, 

preferentially stored in LDs.[32] At 100 µM, a more prominent change was observed at 1244 

cm⁻¹, attributed to nucleic acids, likely reflecting chromatin condensation due to LD-induced 

nuclear compression.[31] In MPNST cells, PCA results showed tighter clustering among 

.CC-BY 4.0 International licenseperpetuity. It is made available under a 
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 28, 2026. ; https://doi.org/10.64898/2026.01.26.701843doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.26.701843
http://creativecommons.org/licenses/by/4.0/


conditions, indicating subtler spectral differentiation (Fig. 3, L). Nevertheless, higher probe 

concentrations correlated with increased 1740 cm⁻¹ signal (negative PC-1 loading) and 

enhanced contribution at 1244 cm⁻¹ (positive PC-2), suggesting a comparable, but less 

pronounced, spectral trend to Schwann cells. 

Together, these findings highlight that deuterated cholesterol uptake in glial cells can be 

effectively monitored beyond conventional C–D vibration analysis. The combined AFM-IR 

and PCA approach revealed distinct lipid remodeling patterns associated with cellular 

phenotype and metabolic activity. 
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Figure 3. Representation of 3D AFM topography maps for Schwann (A-E) and MPNST (F-J) treated 

with 0 µM, 1 µM, 10 µM, 50 µM, and 100 µM concentrations of d6-cholesterol. Scale bar equals 10µm. 

Height profiles correspond to cross-sections through the nuclear (red trace) and cytoplasmic (blue 

trace) regions were presented (1A-1E). Principal component analysis (PCA) was applied to AFM-IR 
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spectra to identify factors associated with d₆-cholesterol treatment beyond conventional C–D vibration 

region (K, L). 

CBD influence on intracellular cholesterol modifications and uptake 

To evaluate the effect of CBD on cholesterol dynamics, Schwann and MPNST cells 

were treated with dChol and CBD in two experimental configurations, as previously described 

(Fig. 1, 2-3). Representative LD visualizations based on C–D vibrations showed that, regardless 

of treatment sequence, Schwann cells formed markedly larger LDs than MPNST cells (Fig. 4, 

1A-D). Using this spectroscopically active probe, we quantified CBD-dependent alterations in 

cholesterol handling and lipid-related parameters, including total lipid content, degree of 

unsaturation, and esterification level (Fig. 4, E-H). 

Following dChol administration, the overall LD accumulation was comparable between 

Schwann and MPNST cells (Fig. 4, E; mean values 0.57 and 0.58, respectively). Notably, CBD 

treatment applied after dChol uptake increased total lipid content only in Schwann cells (mean 

0.61). In contrast, CBD exposure before dChol addition significantly enhanced probe 

accumulation in both cell types (Schwann: 0.69; MPNST: 0.64). The baseline degree of lipid 

unsaturation was similar in both lines (Fig. 4, F; Schwann 2.18; MPNST 2.50). When CBD was 

administered after probe uptake, Schwann cells exhibited a shift toward more unsaturated lipid 

species, while MPNST cells showed no such effect. Conversely, pre-treatment with CBD 

produced no measurable changes, suggesting that CBD promotes lipid desaturation primarily 

in already stored lipid pools. This indicates that CBD may enhance the synthesis or remodeling 

of unsaturated lipids in non-malignant cells. [33]  

For esterified lipids, the predominant storage form within LDs (Fig. 4, G), CBD added 

after dChol increased esterification exclusively in Schwann cells, whereas CBD pre-treatment 

elevated esterified lipid levels in both cell lines. This conversion of free cholesterol to 

cholesteryl esters likely represents a protective mechanism limiting lipid peroxidation and 

enabling safe storage within LDs.[34] CBD is known to disturb cholesterol homeostasis by 

integrating into membranes and modulating enzymatic pathways involved in lipid 

esterification, droplet biogenesis, and sterol trafficking, thereby creating conditions favorable 

for enhanced cholesterol ester formation. [8],[35]  

Analysis of the C–D spectral region provided further insight into dChol behavior under 

CBD exposure (Fig. 4, H). When CBD was applied after probe addition, dChol signal intensity 

decreased markedly in both cell lines (Schwann: 4.47; MPNST: 3.82), consistent with CBD-

induced restriction of cholesterol accessibility due to altered membrane organization.[8] In 
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contrast, when dChol was administered after CBD treatment, probe levels remained 

substantially higher (Schwann: 20.13; MPNST: 11.49), indicating that CBD reduces 

intracellular cholesterol only when lipid droplets are already formed. 
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Figure 4. Distribution of d₆-cholesterol-rich lipid droplets (green, LDs) within Schwann and MPNST 

cells treated with 50 µM d₆-cholesterol/3 µM CBD (A, B) and 3 µM CBD/50 µM d₆-cholesterol (C, D). 
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Box diagrams (E-H) were generated from integrated intensity values obtained from mean spectra of 

lipid droplets, enabling semi-quantitative assessment of total lipids (E: 2850 cm-1/2930 cm-1), lipids 

unsaturation (F:1650 cm-1/1440 cm-1), total esterified lipids (G: 1740 cm-1/1000 cm-1) and deuterated 

cholesterol (H: (2220 cm-1+2120 cm-1+2065+cm-1)/1000 cm-1). Statistical significance was calculated 

using the one-way ANOVA (***p<0.001, p**<0.01, p*<0.05). Scale bar equals 10µm. 

AFM-IR nanospectroscopic analysis of CBD-induced lipid chain reorganization and 

morphological remodeling 

 To capture the broader biochemical responses occurring at the nanoscale, AFM-IR 

spectroscopy was employed. The mean second-derivative AFM-IR spectra (Fig. 5, A, B) for all 

investigated conditions revealed that the most pronounced spectral variations occurred within 

the protein region (1683-1636 cm⁻¹).[11] Treatment with dChol alone or with subsequent CBD 

exposure did not alter the band positions or relative intensities in either the protein (1683-1636 

cm⁻¹) or phosphate (DNA/RNA/phospholipid; 1242-1220 cm⁻¹) regions (Fig. 5, A, B blue and 

yellow traces). In contrast, when CBD was administered before dChol, a decrease in the 1636 

cm⁻¹ band was observed in both Schwann and MPNST cells, indicating a reduction in β-sheet 

protein components (Fig. 5, A, B green trace). [36] This observation agrees with previous 

findings that CBD attenuates amyloid aggregation and reduces β-sheet–rich conformations in 

amyloidogenic systems.[37] Interestingly, under the same condition, a new band at 1056 cm⁻¹ 

appeared exclusively in Schwann cells, accompanied by an intensified 1220 cm⁻¹ feature 

corresponding to the O–P–O moiety of RNA or phosphate esters (Fig. 5, A green trace).[36] 

The CBD-induced emergence of this signal suggests localized enrichment or reorganization of 

phosphorylated biomolecules, consistent with CBD’s known role in modulating protein 

phosphorylation pathways.[38],[39] 

 Integral analysis of selected AFM-IR bands enabled assessment of lipid-chain disorder, 

acyl-chain shortening, and esterified-lipid content (Fig. 5 C-E). For both cell lines, combined 

dChol/CBD treatment did not affect lipid-chain disorder, as reflected by an unchanged CH₃/CH₂ 

ratio.[40] CBD induced more pronounced alterations in lipid acyl chain organization in 

Schwann cells than in MPNST cells (Fig. 5, D). Supplementation with dChol followed by CBD 

led to increased acyl-chain shortening in Schwann cells (mean values: from 0.09 to 0.13), 

indicating a higher proportion of short-chain fatty acids (Fig. 5, D). This pattern aligns with 

enhanced lipid remodeling or β-oxidation, supporting the notion that CBD modulates 

intracellular lipid metabolism and LD composition.[7],[41] Conversely, when CBD was 

administered prior to dChol, the acyl-chain-shortening index decreased (mean values: from 0.09 

to 0.05), suggesting enrichment in long-chain lipid species and potential suppression of fatty-
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acid shortening or β-oxidation, thereby promoting retention or synthesis of longer acyl 

chains.[42] None of these effects were observed in MPNST cells (Fig. 5, D). Esterified lipids, 

evaluated via the 1740 cm⁻¹ band, exhibited further differences between cell types (Fig. 5, E). 

In Schwann cells, regardless of treatment order, esterified-lipid content decreased 

approximately 1.5-fold relative to baseline (mean values: from 2.19 to 1.46), possibly due to 

reduced fatty-acid availability required for cholesteryl-ester synthesis.[41] In MPNST cells, the 

probe-first treatment also reduced esterified lipids, whereas CBD-first exposure enhanced this 

fraction, indicating distinct or reprogrammed ester metabolism pathways in the malignant 

phenotype.  

 

Figure 5. Second-derivative AFM-IR spectra of Schwann and MPNST cells (A, B) treated with 50µM 

d6-cholesterol (blue spectra), 50µM d6-cholesterol/3µM CBD (yellow spectra) and 3µM CBD/50µM d6-

cholesterol (green spectra). Box diagrams (C-E) were constructed using integral intensity values 

calculated from second-derivative spectra collected across the entire cellular cross-section. Semi-

quantitative evaluation allows assessment of lipid chain disorder (C: 2960 cm-1/2850 cm-1), acyl chain 
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shortening (D:2870 cm-1/2925 cm-1) and ester content (E: 1740 cm-1). Statistical significance was 

determined using the one-way ANOVA (***p<0.001, p**<0.01, p*<0.05).  

 Beyond nanoscale chemical reorganization of lipid chains, AFM-IR imaging provided 

complementary insight into morphological changes within lipid-rich regions of the cytoplasm 

following CBD treatment. Cells pre-exposed to CBD prior to dChol supplementation exhibited 

heterogeneous populations of lipid-associated structures differing in size, shape, and spatial 

distribution (Fig. 6). Such morphological diversity is consistent with heterogeneous lipid 

storage states and may reflect different stages of LDs formation and remodeling. During the 

early stages of LDs formation, nascent vesicular structures became morphologically 

distinguishable within the cytoplasm (Fig. 6, A). These early lipid-associated features appeared 

as small, poorly defined vesicles, consistent with initial stages of LD biogenesis originating 

from the endoplasmic reticulum (ER).[43] At more advanced stages, distinct sharp crystalline 

structures were observed attached to the vesicular bodies (Fig. 6, B), indicating further lipid 

accumulation and reorganization. In addition, larger crystalline assemblies were detected at the 

cell surface and in adjacent extracellular regions (Fig. 6, C). These structures displayed well-

defined morphologies with various orientations to the cell body. 

 AFM-IR spectra acquired from early-stage vesicular structures (Fig. 6, 3A) were 

dominated by vibrational features characteristic of ER-derived phospholipids. In addition to the 

ester carbonyl band at 1740 cm⁻¹ and protein-related amide I and II bands at 1658 cm⁻¹ and 

1546 cm⁻¹, respectively, a broad spectral region spanning 1236-972 cm⁻¹ was observed. This 

region contained bands at 1236 cm⁻¹, 1132-1112 cm⁻¹, 1057 cm⁻¹, 1000 cm⁻¹, and 972 cm⁻¹, 

corresponding to PO₂⁻ stretching modes and C–O–P/C–O–C vibrations associated with 

glycerophospholipids, glycosidic linkages, and other phospholipid- or glycolipid-related 

components. [11],[44] Given that LDs originate from ER regions enriched in ribosomes and 

RNA, part of the spectral contribution within the 1236-972 cm⁻¹ range likely arises from ribose- 

and phosphate-containing biomolecules localized around nascent droplets. [36],[45]  Spectra 

collected from vesicles bearing crystalline attachments at later stages (Fig. 6, 3B) revealed clear 

lipid signatures. The presence of strong C–H stretching vibrations in the 2952-2850 cm⁻¹ region 

indicated lipid-rich composition, attributable to cholesterol or its esterified forms, the latter 

supported by the appearance of a minor ester carbonyl band at 1740 cm⁻¹ (Fig. S2, B). Vesicle-

associated spectra further displayed bands at 1264-1244 cm⁻¹ and a characteristic doublet at 

1121 cm⁻¹ and 1096 cm⁻¹, consistent with phosphatidylcholine, in agreement with the 

phospholipid monolayer enveloping LDs during their formation. [46],[47] Surrounding 

cytoplasmic regions exhibited overlapping phospholipid-related features (spectra 8-9; 1260 
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cm⁻¹ and 1244 cm⁻¹), reflecting integration of LD-associated signals with the local cellular 

matrix. Spectral profiles of larger extracellular crystalline structures were dominated by 

cholesterol-specific vibrational signatures (Fig. 6, 3C; spectra 10-11; Fig. 1SI B). Variations in 

the relative intensities of characteristic bands (e.g., 1464 cm⁻¹/1436 cm⁻¹ and 1240 cm⁻¹/1230 

cm⁻¹) depended on crystal orientation with respect to the cell, indicating anisotropic molecular 

organization. Additional spectra acquired from crystal-adjacent regions retained the 

characteristic cholesterol band at 1058 cm⁻¹ superimposed on typical cellular spectral features 

(Fig. 6, 3C; spectra 12-14). 
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Figure 6. 3D AFM visualization of morphological structures observed in peripheral glia cells after pre-

incubation with 3 µM CBD followed by 50µM d6-cholesterol treatment (1A-2C). Local AFM-IR spectra 

correspond to the points and colors indicated on each topography map (3A-C). Scale bar equals 2µm. 
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Conclusions 

 This work introduces a novel multimodal spectrolipidomic sensing strategy that 

integrates Raman and FT-IR imaging, as well as AFM-IR nanospectroscopy with a deuterium-

labeled cholesterol probe (dChol) for investigation of cellular lipid metabolism. By exploiting 

the intrinsic vibrational activity of dChol, this platform enables chemically selective, label-free 

tracking of cholesterol uptake and redistribution under CBD influence. 

 Raman spectroscopy emerged as the most effective technique for semi-quantitative 

detection of deuterated lipids in cells, achieving reliable identification of C–D stretching bands 

at concentrations as low as 10 µM-five times lower than the detection limit of conventional FT-

IR imaging. These findings position Raman spectroscopy as a superior analytical readout for 

active deuterated lipid probes under native cellular conditions. At the nanoscale, beyond direct 

C–D vibrational detection, alternative lipid-associated marker was identified, with multivariate 

analysis revealing the ester carbonyl band (~1740 cm⁻¹) as a robust correlate of d6-cholesterol 

accumulation. AFM topographic mapping captured a concentration-dependent increase in lipid 

droplet related surface indentations, linking lipid accumulation to nanoscale deformation of the 

nuclear region.  

 Importantly, the combined spectroscopic approach demonstrated that depending on the 

sequence of CBD administration, it critically determines intracellular cholesterol handling. 

Raman and AFM-IR analyses consistently showed that CBD pre-exposure promotes enhanced 

cholesterol retention and lipid droplet remodeling, whereas CBD applied after probe 

supplementation restricts cholesterol accessibility. This highlights the ability of the presented 

framework to capture dynamic, sequence-dependent drug-lipid interactions. Moreover, this 

work demonstrates that AFM-IR can resolve successive stages of lipid droplet formation at the 

nanoscale by correlating morphological features with localized biochemical signatures.  

 Overall, this study establishes deuterium-labeled cholesterol as an active spectroscopic 

sensor and demonstrates that multimodal vibrational spectroscopy can extend molecular 

sensing beyond classical spectral markers to include nanoscale chemical and morphological 

readouts.  
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