
1 
 

Supporting Information 

Phenotype classification of intact cells by NMR spectroscopy through machine learning 

approaches 

Carlo Mengucci1,À, Claudia DellôAmico2,3À, Simona Del Giudice4, Letizia Barbieri5, Alice 

Mariottini6,7, Marco Onorati2, Luca Massacesi6,7, Enrico Luchinat4,8*, Lucia Banci4,5,8* 

1 Department of Agri-Food Science and Technology, University of Bologna, Cesena 47521, Italy; 

2 Department of Biology, University of Pisa, Pisa 56126, Italy; 
3 Department of Clinical and Experimental Medicine, University of Pisa, Pisa 56126, Italy; 
4 Magnetic Resonance Center ï CERM, University of Florence, Sesto Fiorentino 50019, Italy; 
5 Interuniversity Consortium for Magnetic Resonance of Metalloproteins ï CIRMMP, Sesto Fiorentino 50019, 

Italy; 
6 Department of Neurosciences, Psychology, Drug research and Child Health, University of Florence, Florence 

50139, Italy; 
7 Department of Emergency Neurology, Careggi University Hospital, Florence 50139, Italy. 
8 Department of Chemistry ñUgo Schiffò, University of Florence, Sesto Fiorentino 50019, Italy; 

À These authors contributed equally to the work 

* Email: eluchinat@cerm.unifi.it; banci@cerm.unifi.it 

 

 

Table of Contents Page 

1. Supplementary Figures        2 

Figures S1-S34                2-32 

2. Supplementary Tables                   33 

Tables S1-S4               33-38 

  

 

  



2 
 

1. Supplementary Figures 

 

 

Figure S1. Characterization of iPSC-NES cells (i.e., NPCs) and NES-derived neurons. (A) 

Representative bright field and confocal immunofluorescence images of NPCs, positive for the neural 

stem/progenitor makers cell SOX2 (SRY-box transcription factor 2) and Nestin (intermediate filament). 

(B) Representative bright field and confocal immunofluorescence images of early-born neurons positive 

for the (T-box brain transcription factor 1, cortical layer 6) and for TUBB3 (ɓ-III tubulin). (C) 

Representative bright field and confocal immunofluorescence images of late-born neurons positive for 

the mature pan-neuronal marker RBFOX3 (RNA Binding Fox-1 Homolog 3) and TUBB3. Nuclei are 
counterstained with DAPI. Scale bars: 50 Õm. 

  



3 
 

 

Figure S2. Characterization of the iPSC-derived astrocytes. (A) Representative bright field and 

confocal immunofluorescence images of neural progenitors positive for the SOX2 and Nestin. (B) 

Representative bright field and confocal immunofluorescence images of astrocyte progenitor cells 

(APC) expressing the glial marker GFAP (Glial fibrillar acidic protein), while Nestin expression is 

reduced. (C) Representative bright field and confocal immunofluorescence images of late APCs 

showing positivity for GFAP. (D) Representative bright field and confocal immunofluorescence images 

of mature astrocytes showing homogeneous GFAP expression. Nestin is barely detectable. Nuclei are 
counterstained with DAPI. Scale bars: 50 Õm. 
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Figure S3. 1H CPMG NMR spectra collected at 950 MHz (22.3 T) on samples of HEK293T (blue) and 

HeLa (yellow) cells. The aromatic region (5.1-8.6 ppm) is scaled 4x for clarity.   
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Figure S4. 1H CPMG NMR spectra collected at 950 MHz (22.3 T) on samples of Jurkat T lymphocytes 
(green) and NPCs (red). The aromatic region (5.1-8.6 ppm) is scaled 4x for clarity. 
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Figure S5. 1H excitation sculpting NMR spectra collected at 950 MHz (22.3 T) on samples of HEK293T 
(blue) and HeLa (yellow) cells. The aromatic region (5.1-8.6 ppm) is scaled 4x for clarity.   
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Figure S6. 1H excitation sculpting NMR spectra collected at 950 MHz (22.3 T) on samples of Jurkat T 
lymphocytes (green) and NPCs (red). The aromatic region (5.1-8.6 ppm) is scaled 4x for clarity. 
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Figure S7. 1H CPMG NMR spectra collected at 950 MHz (22.3 T) on samples of neural progenitor 

cells (NPCs, light blue), astrocyte progenitor cells (APCs, light green), astrocytes (dark green), early 

neurons (pink), and late neurons (purple). The aromatic region (5.1-8.6 ppm) is scaled 4x for clarity. 

 

 

Figure S8. 1H excitation sculpting NMR spectra collected at 950 MHz (22.3 T) on samples of neural 

progenitor cells (NPCs, light blue), astrocyte progenitor cells (APCs, light green), astrocytes (dark 

green), early neurons (pink), and late neurons (purple). The aromatic region (5.1-8.6 ppm) is scaled 4x 

for clarity. 
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Figure S9. Tentative assignment of the most prominent spectral features overlaid to representative 1H 

CPMG NMR spectra of HEK293T (blue), HeLa (yellow), Jurkat T lymphocytes (green) and NPCs 

(red). Ala, alanine; Chol, cholesterol; FA, fatty acids; Gln, glutamine; Glu, glutamate; GSH, glutathione; 

Leu, leucine; Lys, lysine; Ile, isoleucine; NAA, N-acetyl aspartate; NADH, nicotinamide adenine 

dinucleotide; TG, triglycerides (glycerol); Val, valine; UFA, unsaturated fatty acids; UDP-glucose, 
uridine diphosphate glucose; UMP, uridine monophosphate. 
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Figure S10. Tentative assignment of the most prominent spectral features overlaid to representative 1H 

CPMG NMR spectra of neural progenitor cells (NPCs, light blue), astrocyte progenitor cells (APCs, 

light green), astrocytes (dark green), early neurons (pink), and late neurons (purple). Ala, alanine; Chol, 

cholesterol; FA, fatty acids; Gln, glutamine; Glu, glutamate; GSH, glutathione; Leu, leucine; Lys, 

lysine; Ile, isoleucine; NAA, N-acetyl aspartate; NADH, nicotinamide adenine dinucleotide; TG, 

triglycerides (glycerol); Val, valine; UFA, unsaturated fatty acids; UDP-glucose, uridine diphosphate 
glucose; UMP, uridine monophosphate. 
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Figure S11. Projection of the first two components of the Partial Least Squares Discriminant Analysis 

(PLSDA), i.e., those which maximize the separation of different cell types, of the 4-class model trained 

on the 1H excitation sculpting NMR spectra (see Figure S5 and S6), and classification margins as 

estimated by the Support Vector Machine (SVM). Size and shape of the margins are optimized through 

a stochastic grid search on SVM hyperparameters. In this scenario, the SVM model converged to a 

radial basis function kernel to optimally separate classes. Training (circles) and validation (triangles) 

samples and SVM boundaries are colored based on the class: HEK (blue), HeLa (yellow), Jurkat 

(green), and NPCs (red).  
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Figure S12. PLSDA (A) and PCA (B) analysis of 1H CPMG NMR spectra of a collection of CNS cell 

types. Samples are color-coded based on the stage of differentiation: neural progenitor cells (NPCs, 

light blue), early neurons (pink), late neurons (purple), astrocyte progenitor cells (APCs, light green), 

and mature astrocytes (dark green). 95% confidence ellipses calculated from the covariance matrix are 

shown. In part B, the explained variability ratio (EVR) for each PCA component is also shown. 
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Figure S13. 1H CPMG NMR spectra collected at 950 MHz (22.3 T) on mixed samples of HeLa + Jurkat 

(cyan), HEK + Jurkat (purple), and HeLa + HEK (red) cells. The aromatic region (5.1-8.6 ppm) is scaled 

4x for clarity. 

 

 

Figure S14. 1H excitation sculpting NMR spectra collected at 950 MHz (22.3 T) on mixed samples of 

HeLa + Jurkat (cyan), HEK + Jurkat (purple), and HeLa + HEK (red) cells. The aromatic region (5.1-

8.6 ppm) is scaled 4x for clarity. 
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Figure S15. Confusion matrices of the Boruta + RFC model applied to the 4-class problem. (A) Model 

trained on the 1H CPMG NMR spectra. (B) Model trained on the 1H excitation sculpting NMR spectra. 

F1 scores of 1.00 and 0.96 were obtained with the CPMG and the excitation sculpting spectra, 

respectively. 
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Figure S16. (A) Projection on the first two PLSDA components of the 3-class model trained on 1H 

excitation sculpting NMR spectra (see Figure S5 and S6) and classification margins as estimated by the 

SVM. Here, the SVM classifier automatically converges to a linear kernel function. Training (circles) 

and validation (triangles) samples and SVM boundaries are colored based on the class: HEK (blue), 

HeLa (yellow), and Jurkat (green). Mixed samples (triangles, see 1H excitation sculpting NMR spectra 

in Figure S14) are mapped on the PLS projection of the 3-class classifier and color-coded as follows: 

HeLa + Jurkat (cyan), HEK + Jurkat (purple), and HeLa + HEK (red). (B) Confusion matrix of the 

PLSDA + SVM model, trained on pure cell lines, used to predict mixed samples. This model results in 

a F1 score of 0.08. (C) Confusion matrix of the Boruta + RFC model. This model results in a F1 score 

of 0.85. 
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Figure S17. 1H CPMG NMR spectra collected at 950 MHz (22.3 T), 700 MHz (16.4 T), and 400 MHz 

(9.4 T) on samples of HEK293T (blue), HeLa (yellow), and Jurkat (green) cells. The aromatic region 
(5.1-8.6 ppm) is scaled 4x for clarity.   
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Figure S18. 1H excitation sculpting NMR spectra collected at 950 MHz (22.3 T), 700 MHz (16.4 T), 

and 400 MHz (9.4 T) on samples of HEK293T (blue), HeLa (yellow), and Jurkat (green) cells. The 
aromatic region (5.1-8.6 ppm) is scaled 4x for clarity. 

  


