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Abstract 

The primary objective of this thesis is to describe the work that I have undertaken during my PhD, 

evaluating the applicability of Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) to study 

intracellular drug distribution. ToF-SIMS, as a technique has been widely used to characterize  

inorganic1 and organic2 materials, or even unexpected mixtures of both.3 My objective is to determine 

if that can be extended to drug discovery, by identifying pharmaceutical drugs in biological matrices 

such as cells. 

 In drug discovery, intracellular drug distribution is a subject of profound interest, as scientists need to 

know if the drug is reaching the target of interest, or if is having adverse off-target activity. However, 

the techniques currently used to inform on this do not provide a definitive answer to the question, as 

either spatial resolution or molecular properties are compromised. For example, Matrix Assisted Laser 

Desorption Ionisation (MALDI) cannot achieve sub-cellular spatial resolution4 and even the most 

advance microscopy applications are dependent on labels that might compromise the physical-chemical 

properties of a drug molecule. 

ToF-SIMS bridges the gap, as it has improved spatial resolution and the drug molecules are presented 

to the in vitro or in vivo system label free with minimal sample preparation. SIMS is also capable of 

providing three-dimensional information and even potential metabolomics information when OrbiSIMS 

is employed3.In this study, I describe the first time a drug molecule, amiodarone, was visualized inside 

a mammalian cell using ToF-SIMS, this work was published in 2015.5 I then extend that methodology 

to other cell lines, and compare the ToF-SIMS data with Liquid-Chromatography tandem Mass 

Spectrometry data. This study also considers the variability found within cell populations and how 

different cells have a range of amiodarone intensities, and therefore exhibit different incorporation rates 

despite being derived from the same clones; this work was published in 2017.6 

This thesis then focuses on the applicability of ToF-SIMS to the analysis of other drug molecules and 

investigates if a compound’s physical-chemical properties can provide any indication of the ionisation 
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efficiency of a pharmaceutical drug in ToF-SIMS, this work is currently being written for a peer 

reviewed publication. 

The last chapter concentrates on bacterial imaging using both ToF and Orbi SIMS; the former allows 

the visualization of a drug molecule inside the bacteria of interest and the latter allows lower resolution 

imaging but extraction of metabolomic information as a result of the high mass resolution, high mass 

accuracy data generated by the Orbitrap mass analyser. 

 

 
 

List of publications 

Single-Cell Analysis: Visualizing Pharmaceutical and Metabolite Uptake in Cells with Label-

Free 3D Mass Spectrometry Imaging 

Melissa K. Passarelli, Carla F. Newman, Peter S. Marshall, Andrew West, Ian S. Gilmore, Josephine 

Bunch, Morgan R. Alexander, and Colin T. Dollery 

Anal. Chem., 2015, 87 (13), pp 6696–6702 

DOI: 10.1021/acs.analchem.5b00842 

Publication Date (Web): May 29, 2015 

 

 

Intracellular Drug Uptake—A Comparison of Single Cell Measurements Using ToF-SIMS 

Imaging and Quantification from Cell Populations with LC/MS/MS 

Carla F. Newman, Rasmus Havelund, Melissa K. Passarelli, Peter S. Marshall, Ian Francis, Andy 

West, Morgan R. Alexander, Ian S. Gilmore, and Colin T. Dollery 

Anal. Chem., 2017, 89 (22), pp 11944–11953 

DOI: 10.1021/acs.analchem.7b01436 

Publication Date (Web): October 17, 2017 

 

 

The 3D OrbiSIMS—label-free metabolic imaging with subcellular lateral resolution and high 

mass-resolving power  

Melissa K Passarelli, Alexander Pirkl, Rudolf Moellers, Dmitry Grinfeld, Felix Kollmer, Rasmus 

Havelund, Carla F Newman, Peter S Marshall, Henrik Arlinghaus, Morgan R Alexander, Andy West, 

Stevan Horning, Ewald Niehuis,  Alexander Makarov, Colin T Dollery and Ian S Gilmore 

Nature Methods volume 14, pages 1175–1183 (2017) 

DOI:10.1038/nmeth.4504 

 

  

https://pubs.acs.org/author/Passarelli%2C+Melissa+K
https://pubs.acs.org/author/Newman%2C+Carla+F
https://pubs.acs.org/author/Marshall%2C+Peter+S
https://pubs.acs.org/author/West%2C+Andrew
https://pubs.acs.org/author/Gilmore%2C+Ian+S
https://pubs.acs.org/author/Bunch%2C+Josephine
https://pubs.acs.org/author/Bunch%2C+Josephine
https://pubs.acs.org/author/Alexander%2C+Morgan+R
https://pubs.acs.org/author/Dollery%2C+Colin+T
https://pubs.acs.org/author/Newman%2C+Carla+F
https://pubs.acs.org/author/Havelund%2C+Rasmus
https://pubs.acs.org/author/Passarelli%2C+Melissa+K
https://pubs.acs.org/author/Marshall%2C+Peter+S
https://pubs.acs.org/author/Francis%2C+Ian
https://pubs.acs.org/author/West%2C+Andy
https://pubs.acs.org/author/West%2C+Andy
https://pubs.acs.org/author/Alexander%2C+Morgan+R
https://pubs.acs.org/author/Gilmore%2C+Ian+S
https://pubs.acs.org/author/Dollery%2C+Colin+T
https://www.nature.com/articles/nmeth.4504#auth-1
https://www.nature.com/articles/nmeth.4504#auth-2
https://www.nature.com/articles/nmeth.4504#auth-3
https://www.nature.com/articles/nmeth.4504#auth-4
https://www.nature.com/articles/nmeth.4504#auth-5
https://www.nature.com/articles/nmeth.4504#auth-6
https://www.nature.com/articles/nmeth.4504#auth-6
https://www.nature.com/articles/nmeth.4504#auth-7
https://www.nature.com/articles/nmeth.4504#auth-9
https://www.nature.com/articles/nmeth.4504#auth-10
https://www.nature.com/articles/nmeth.4504#auth-11
https://www.nature.com/articles/nmeth.4504#auth-13
https://www.nature.com/articles/nmeth.4504#auth-14
https://www.nature.com/articles/nmeth.4504#auth-15
https://www.nature.com/articles/nmeth.4504#auth-16


Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

4 | P a g e  
 

Acknowledgements 

Firstly, I would like to express my sincere gratitude to my PhD supervisors, Dr. Andy West, Prof. 

Morgan Alexander and Prof. Ian Gilmore for the continuous support during my PhD related research, 

for their patience, motivation, and knowledge. Their guidance helped me during the time of my research 

and writing of this thesis. I really appreciate the discussions and their input, even the hard questions 

during the PhD meetings, and I am very grateful for their continued support.  

In addition, I would like to thank Dr. Andy West further, for giving me the opportunity to do a part-

time PhD while working in his group at GlaxoSmithKline (GSK), and for being an exceptionally nice 

person, I sincerely appreciate the opportunity he has given me.  

My sincere thanks also goes to Dr. Rasmus Havelund, Dr. Melissa Passarelli, and Dr. David Scurr, for 

teaching me ToF-SIMS and their insightful comments and discussions.  

I would also like to thank my colleagues at GSK for their help, Dr. Andy Nicholls, Dr. Mike Hann, Dr 

Steve Hood, Dr. Peter Marshall, Mike Lee, Donna Fraser, Satty Borman, Ken Fanton, Dr. Pamela 

Riester, Tracy Beadle, Ian Francis, Paul McGill, Julia Castro-Pichel, Elena Jimenez-Navarro, Monica 

Cacho-Izquierdo, Dr. Argyrides Argyrou, Dr. Rob Young, Sir Colin Dollery, Dr. Malcolm Skingle, Dr. 

Daniel Sevin, Joe Lavelle, Simon Bate, Dr. Jack Euesden, Paul Wilson, Dr. Charles Clifford and 

probably many more. I would like also to thank all the help for the NiCE-MSI group at the NPL, 

specially Dr. Jean-Luc Vorng and Dr. Spencer Thomas. 

I would also would like to thank my internal examiner Prof. Martyn Davies and external examiner Prof. 

Alain Brunelle for being kind to a very nervous student. 

Last but not the least, I would like to thank my family, specially my husband Richard and my parents, 

Armando and Fatima for supporting me throughout writing this thesis and my life in general. I am really 

sorry if I have forgotten anyone, but I suppose it happens when you do a PhD at my age. 

 

  



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

5 | P a g e  
 

List of Figures 

1.1: Drug discovery and development diagram. 7 The picture describes both the preclinical and clinical 

studies workflows. The project team investigates the target and conducts research both in vivo and in 

vitro before the data is submitted as a New Drug (ND) application to the Federal Drugs Administration 

(FDA). Once the ND application is approved, the phase I, II and III clinical trial stage can start. If this 

phase is successful the application for a new drug can be filled, the data is then reviewed by the FDA 

and the drug is approved for the market. Reproduced with the permission of the publisher, Springer 

Nature. 

1.2: Drug discovery intracellular targets.8 Most drug targets are intracellular, kinases can be mainly 

found in the cytoplasm, transporters are mainly found in the mitochondria and there are a multitude of 

genetic targets in the nucleus. Reproduced with the permission of the publisher, Springer Nature. 

2.3: SIMS sputtering schematic by Castner et al. 9 The image shows ions being fired at a substrate. The 

collision cascade observed is the result of collisions following the impact of the primary ion beam. As 

a result, a range of molecular and atomic species are ejected from the surface. Only approximately 1% 

are ions which are then guided to the detector.9 Reproduced with the permission of the publisher, 

Springer Nature. 

2.4: Computer simulation of the molecular dynamics of different primary ion beams, with a kinetic 

energy of 15 keV, bombarding an Ag (111) crystal. The different atomic layers are represented with 

different colours and the grey particles represent a depth of 4.6 nm. The first three rows show a cross-

section of the crystal, the first row show the system at 0 ps, the second row shows the system at 3 ps, 

and the third row at 39 ps. The bottom row shows a top view of the impacted area. The numbers 

displayed on the third row are the number of atoms ejected upon primary ion impact. Reproduced under 

Attribution 3.0 Unported, Winograd image from Annual Reviews. 

2.5: Simplified schematics of IONTOF’s ToF-SIMS. The image represents the basic components of a 

ToF-SIMS instrument: target plate where the sample is introduced, electron flood gun, the primary ion 
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gun, the ion optics, the time of flight analyser and finally the detector. Attribution 3.0 Unported, 

Hofmann and al. image from the Royal Society of Chemistry. 

2.6:  ION-TOF IV at the School of Pharmacy facilities (The University of Nottingham). 

2.7: OrbiSIMS schematics. At the centre of the Orbitrap mass analyser, there is a spindle where the ions 

orbit around as a result of a dynamic electrostatic field.3 The two-beam set up is maintained to allow 

greater flexibility of analysis, most of the ion guiding system to the ToF analyser is similar to the ToF-

SIMS 5 except the secondary ion  switch which allows the ions to be sent either to the ToF or Orbitrap 

analyser, the part of the Orbitrap system after the quadrupole is very similar to a QExactive HF. 

Instrument components not to relative scale. The Orbitrap diagram is included as an insert on the 

OrbiSIMS schematic. Reproduced with the permission of the publisher, Springer Nature. 

2.8: Table of operational methodologies of the OrbiSIMS, and diagram of the different imaging 

modalities. 3The table shows the flexibility of the OrbiSIMS, it allows the acquisition of surface spectra 

only using both the Orbitrap (mode 2) and the ToF analyser (mode 1), spectral depth profile acquisition 

using the Orbitrap (mode 4), the ToF (mode 3) and the two detectors (mode 5).  In imaging mode, it 

can perform 2D imaging using the ToF (mode 6) or the Orbitrap analyser (mode 7). The 3D imaging 

capabilities are further illustrated on the diagram, the Orbitrap analyser can be used for imaging by itself 

(mode 8) or in a dual beam setup, used in conjunction with the ToF analyser (mode 9) on the same scan, 

or used to analyse the ions that result from the sputter scans (mode 10), in this mode no information is 

lost, as the imaging is performed using both analysers. The data obtained in this mode has both high 

spatial resolution (obtained with the focused Bismuth beam and the ToF analyser) and high mass 

resolution and MS/MS capabilities (obtained with the Argon beam and the Orbitrap analyser).3 

Reproduced with the permission of the publisher, Springer Nature. 

2.9: Single NR8383 cell incubated with amiodarone.3 Top image series shows the total ion image, and 

the bottom series shows the compound signal (in green) the phosphocholine marker (in grey) and the 

nuclear marker (in magenta). The spectra on the right shows the difference in peak width between the 

Orbitrap analyser (blue) and the ToF analyser (black).3 Reproduced with the permission of the 

publisher, Springer Nature. 
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2.10: Freeze-drying theory.10 The three matter states are a fine balance between temperature and 

pressure. In case of water, represented on the diagram, white represents the solid state (ice), grey 

represents the gas state (steam) and blue represents the liquid state (water). As it can be seen the triple 

point, where the three states coincide, is at 0.006 bar and at a temperature above 0oC.  Reproduced with 

the permission of the publisher, Springer Science Business Media New York 

2.11: Piwowar et al. organelle mapping workflow illustration.11  Here HeLa cells are depicted, but it 

could be applied to any cell line. Using centrifugation and affinity pull-down, the organelles are 

separated after cell lysis. These separate organelle enriched fractions could then be analysed using ToF-

SIMS and an organelle mass spectral fingerprint created for each of the different organelles. Once these 

profiles are created, it should be possible to correlate the organelle profile spectra with the spectra per 

pixel of the cell and therefore a reconstructed cell image based on those profiles. Reproduced with the 

permission of the publisher, John Wiley and Sons. 

2.12: Principal component analysis of the entire dataset in (A) and (B).  In this experiment different 

bacteria can be grouped according to their MS fingerprint profile using PCA. PC-DFA plot of the full 

data set after the removal of Enterococci (C) and (D) shows the separation of the five different E.coli 

strains used in the experiment (the training set is displayed in red and the projected in blue).12 

Reproduced with the permission of the publisher, Elsevier. 

2.13: Spatial resolution of biological imaging techniques. The diagram shows the applicability of each 

technique across a variety of sizes and biological matrices. Reproduced with the permission of the 

publisher, Elsevier. 

2.14: Confocal microscopy and wide-field microscopy.13 On the left the light path passes through the 

pinhole, which enhances the z-resolution of confocal microscopy. On the right the normal set-up of 

wide-field microscopy. Image reproduced under the Creative Commons License (Attribution–

Noncommercial–Share Alike 4.0 Unported license. 

2.15: Fluorescence microscope basic light path schematics. There are two cubes in a fluorescence 

microscope an excitation cube and an emission cube. In the excitation cube a dichroic mirror (DM1) 

directs the light from the source (bulb or laser) to the sample passing the emitted fluorescence to the 
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indicators in the emission cube. B is a filter that acts as a barrier that prevents the excitation light to 

reach the detector. DM2 is a beam splitter for the emitted fluorescence light and emission filter (Em1 

and Em2) filter out unwanted light. The fluorescence is then detected by cameras or photo multipliers 

(PMTs).14 12 Reproduced with the permission of the publisher, CHS Press. 

2.16: Confocal fluorescence microscopy and STED images of 40 nm fluorescent beads.15 The two 

images depicted are from the same area, however it can clearly be seen, especially in the area 

highlighted by the arrows a much cleared imaged with improved spatial resolution. The image on top 

is quite blurry and undefined whilst the image at the bottom is clearer. Reproduced with the permission 

of the publisher, Elsevier. 

2.17: The Nanolive 3D Cell Explorer Refractive Index microscope principle. Schematics of the 

microscope, displaying the different components (left). Whole blood spikes with A549 (tumour cells) 

(right). 16 The middle image shows the light image of a mixed cell population containing both peripheral 

blood mononuclear cells and circulating tumour cells such as A549 cells. The image on the right depicts 

the pseudo-stained obtained by the difference in refractive index of the different cellular components. 

Reproduced with the permission of the publisher, John Wiley and Sons and NanoLive. 

2.18: Laser confocal scanning microscopy. On the left is the schematics of the microscope. On the right 

the same image comparing the non-confocal and the confocal mode. As it can be observed the sharpness 

of the image increases in the confocal mode, the topology of the sample is much more detailed due to 

the 10nm z resolution of this microscope.  

2.19: Transmission electron microscope schematics (left)17. Reproduced with the permission of the 

publisher, Springer-Verlag. Pancreatic acinar cell fixed in glutaraldehide (x11,000) stained with 

Osmium Tetroxide.18 There is a clear contrast between the nucleus and the extra nuclear space. Outside 

the nucleus a mitochondrion (M), the endoplasmic reticulum (ER) and a zymogen granule (Z) can be 

observed. Inside the nucleus the nucleolus (nu) can be seen as well as chromatin (ch) and karyoplasm 

(k). Image reproduced under the Creative Commons License (Attribution–Noncommercial–Share Alike 

4.0 Unported license. 
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2.20: (A) AFM schematics19. Reproduced with the permission of the publisher, Royal Society of 

Chemistry. (B) Bovine red blood cell infected with Babesia bovis.  (C) higher magnification of image 

B displaying the ridge morphology of the bacteria. Reproduced with the permission of the publisher, 

John Wiley and Sons.  

2.21: Diagram showing the relationship between omics techniques.20 The omics techniques refer to the 

particular type of biological molecule they study. Genomics is the study of DNA (deoxyribonucleic 

acid), transcriptomics relates to RNA (ribonucleic acid), proteomics relates to the study of proteins and 

metabolomics is the study of metabolites and their pathways. 

A change at the DNA level may, or may not cause a change in the protein expression and metabolic 

changes, therefore understanding the whole process, and being able to pin-point changes in a disease 

state helps the drug discovery process. Reproduced with the permission of the publisher, Springer 

Nature. 

2.22: Proteomics workflow 21. After sample collection, a certain amount is processed (typically protein 

concentration is determined) the sample is then reduced, alkylated and digested with an enzyme 

(generally trypsin); once the proteins are converted to peptides the samples are typically analysed using 

a high mass resolution mass spectrometer in an LC-MS/MS configuration (ordinarily nano-LC). The 

data can then be proceeds using several different software both freeware and instrument vendor 

software. Reproduced with the permission of the publisher, Springer Nature. 

2.23: Plot represents the summary of all the PubMed indexed articles that mentioned lipidomics 

between 2000 and October 2017.22  There is a marked increased number of MS based lipidomics study 

since the year 2000, which coincides with the introduction of the Orbitrap technology. Reproduced with 

the permission of the publisher, American Chemical Society. 

2.24: Plot describes the lipidomics workflow and the factors that could impact the accuracy of the 

workflow.23 This image summarizes the complex procedure required to generate good lipidomics data, 

along with the caveats associated to each step of the process. In the first step, one needs to pay particular 

attention to the type of samples and their storage. The extraction step highlights the different extraction 

methods in existence. The next step relates to sample pre-treatment, such a further purification, 
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hydrolysis or no treatment at all. The MS part of the process highlights the different types of MS 

methods that can be used, different ionisation modalities, further separation, targeted and untargeted 

methods. Finally, the sample processing method, which should account for sample-to-sample and batch-

to-batch variability, retention time drift and the use of internal standards. Reproduced with the 

permission of the publisher, Elsevier. 

2.25: Metabolomics full workflow, with pre-analytical, analytical and computational nodes.24 The pre-

analytical steps are arguably more important that the analysis itself, as a well-designed study facilitates 

both the analysis and the data processing. The analytical step can be quite varied, using both targeted 

and untargeted methods as well as different sample preparation methodologies. The computational part 

of the process can be very challenging, and several different data processing procedures need to be 

undertaken before the metabolic pathway analysis can be performed. Open-access article distributed 

under the terms of the Creative Commons Attribution License (CC BY). 

2.26: Pie chart depicting the reasons why pharmaceutical drugs fail to reach the market.25,26 Most drugs 

fail to make it to the market due to adsorption, absorption, distribution, metabolism and excretion issues. 

Lack of efficacy, animal toxicity and adverse effects on man are also responsible for a pharmaceutical 

failure to be marketed. Reproduced with the permission of the publisher, Springer Nature. 

2.27: The scheme represents the processes of drug interaction for a CNS target. 27  In vitro assays are 

only affected by non-specific binding, while in vivo assays are affected by the Blood-Brain-barrier and 

ADME issues.  Reproduced with the permission of the publisher, Taylor & Francis. 

2.28: Plot showing the relation between decrease in solubility and increase in the number of aromatic 

rings. The red line indicates 50 µg/mL solubility levels28 Reproduced with the permission of the 

publisher, Elsevier. 

2.29: This Figure depicts the correlation between Chrom log DpH7.4 and number of aromatic rings. The 

black line depicts PFI=7 which is the threshold that separates what is considered a potentially good drug 

and a bad one.29 Reproduced with the permission of the publisher, Elsevier. 

2.30: Plot depicting DRUG efficacy Vs affinity.27  The plots depicts the fine balance between drug 

efficacy and target affinity, any molecule with a  drug efficacy below 0.01 % has an increased risk of 
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failing. Ideally, lead candidate molecules should move to the green space of the plot, to a higher drug 

efficacy and affinity beyond at least the 50% Receptor occupancy (RO) line. 

2.31: The plot of mean molecular weight and cLogP values of oral drugs .30 For three different time 

periods (green), this shows that both molecular weight and cLog P have increased with time. In red, are 

the values for the patented compounds for 18 pharmaceutical companies between 2000 and 2010. In 

blue is the single compound patent from the same company. Reproduced with the permission of the 

publisher, American Chemical Society. 

2.32: EMIAT trial profile.31 This study, involved the treatment of patients with amiodarone and a 

placebo, the number of patients in each group was the same. The number of deaths was slightly higher 

on the amiodarone group, particularly due to the non-cardiac related deaths, which is associated with 

the toxicity associated to this compound. The number of non-cardiac deaths in the placebo group was 

much lower, 13 versus 18.  Despite this, in terms of arrhythmic event associated death the number were 

much greater in the placebo group when compared to the amiodarone treated group (50 versus 33) 

which indicates that amiodarone has a positive effect when treating arrhythmic events. Reproduced with 

the permission of the publisher, Elsevier. 

2.33: Amiodarone concentrations measured by LC-MS/MS of fat and plasma of human patients treated 

with amiodarone. (A) showing a comparison of the concentrations in fat tissue and plasma on a Log 

scale. (B)Correlative plot of the plasma and fat concentrations.32 As demonstrated in this two plots, 

there is a correlation in amiodarone concentration  between plasma and fat tissue. However, the amount 

of amiodarone in fat tissue is 10 to 100 fold more concentrated, which could be expected due to 

amiodarone lipophilicity. Reproduced with the permission of the publisher, Elsevier. 

2.34: Molecular structures of amiodarone, its metabolite, desethylamiuodarone (DEA) and the thyroid 

regulatory hormones.33 The similarity between the molecules is known to cause disturbance in T3 

productions causing potential thyroid deregulation. Reproduced with the permission of the publisher, 

Oxford University Press. 

2.35: Amiodarone induced pigmentation in patient.34 This patient suffered from severe blue-grey 

pigmentation in areas of the skin exposed to the sun caused by long term amiodarone treatment. It is 
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thought that this hyperpigmentation is caused by dermal lipofuscinosis, as lipofuscin accumulates in 

dermal macrophages; this was hypothesised as amiodarone is known to cause lysosomal damage. 

Fitzpatrick's Color Atlas & Synopsis of Clinical Dermatology Klaus Wolff, Richard Allen Johnson, 

Dick Surmount Copyright 2005, 2001, 1997, 1993 by The McGraw-Hill Companies. All Rights 

reserved. 

2.36: Amiodarone associated pathological finding, arrows point to examples of each event, in (A) two 

foamy macrophages, in (B) two areas of membrane proliferation and (C) two areas of interstitial 

fibrosis.35 Reproduced with the permission of the publisher, Pioneer Bioscience Pub. Co. 

2.37: Plots displaying the relative difference in gene expression of ABC transporters (A) and SLC 

transporters (B) in HeLa, Hek293, HL-6-, K562, Saos-2, Caco-2 and HepG2.36 Plot a shows that HepG2 

have the most ABC transporters from the cells types investigated, while HeLa have the least. For SLC 

transporters HeLa cells again have the least amount of these transporters on their membrane. 

Reproduced with the permission of the publisher, American Society for Pharmacology and 

experimental therapeutics. 

2.38: Pie charts depicting the difference in gene expression between HepG2 cells and primary 

hepatocytes. In (A) the up-regulated genes and (B) the down regulated genes.37 Genes that are up-

regulated, are genes whose expression is increased and down-regulated genes are genes whose 

expression is decreased. Reproduced with the permission of the publisher, Elsevier. 

2.39: Mycobacteria. (A) Morphology of colonies on solid media38, Reproduced with the permission of 

the publisher, Elsevier. (B)Acid-fast bacilli (MBT) stained with Ziehl-Neelsen and extracellular 

material stained with Alcian Blue visualized at x100 magnification, (C) SEM image  of an agglomerate 

of mycobacteria in exponential growth stage39, (D) TEM of ultra-thin sections of Mycobacterium 

tuberculosis replicating by binary fission, scale bar 200 nm.40 Images reproduced under the Creative 

Commons License (Attribution–Noncommercial–Share Alike 4.0 Unported license. 

2.40: The lifecycle of M. tuberculosis. Within 4 to 6 weeks of expose there is a dendritic cell or T-cell 

mediated immune response, this will lead to the elimination of the bacteria, infection or the 
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neutralization of the bacteria not fully killing it (latent TB). After years or decades, a re-infection or re-

activation can occur. 41 Reproduced with the permission of the publisher, Springer Nature. 

2.41: Mechanics of action of TB treatment. Isoniazid, Rifampin, ethambutol and Pyrazinamide are the 

first line of treatment against TB. Since some bacteria has become resistant to antibiotics such as 

Isoniazid and Rifampin other antibiotics have to be used as a second line of treatment. 42 The photo was 

created by Dr. Ray Butler and Janice Carr, at the CDC. The illustration was created by Krista Townsend, 

at the National Institute of Allergy and Infectious Diseases. 

2.42: MBT cell wall and its constituents. The MBT cell wall is very complex, it is made by an external 

sugar and protein rich capsule, followed by a layer of mycolic acid which is then followed by an 

Arabinogalactan layer. The most internal layer is made by peptidoglycan, it displays two types of 

crosslinking 4-3 and a 3-3.43Reproduced with the permission of the publisher, Springer Nature. 

2.43: Diagram of the summary of DPA synthesis.44 The DpRE1 target is part of the DPR complex and 

is embedded in the plasma membrane, while DpRe2 is part of the DPA complex. Reproduced under the 

Creative Commons Attribution License. 

3.44: Sample preparation diagram of the ToF-SIMS workflow. The cells were plated on 4 well chamber 

Lab-Tek slides, them incubated with or without Amiodarone, once the incubation was finished they 

were washed three time with 150mM ammonium formate solution at pH 7.4 and freeze-dried. Once the 

process was completed, they were kept in the -80oC waiting transport to the National Physical 

Laboratory or the University of Nottingham for analysis. Once the samples were ready to be used, they 

were placed in a vacuum chamber to minimize surface condensation on the sample and then mounted 

and placed inside the instrument. 

3.45: Gradient profile used for proteomics nano-HPLC experiment. The plot shows the time in the x –

axis and the % of organic on the y-axis.  The gradient increases slowly from 5 to 40% organic because 

the vast majority of peptides elute before 40% organic. Hence, by slowly ramping up the amount of 

organic phase the peptide peaks will be well separated which also provides the mass spectrometer with 

more time for the acquisition, resulting in more identifications. Reproduced with the permission of 

ThermoFisherScientific 
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3.46: Chemical structures of the compounds used for this study and respective GSK identifiers. 

4.47: Light microscopy image of H&E stained NR8383 macrophage cells incubated with the referred 

compounds at the concentrations of 10 µg/mL Chloroquine, and 12.50 µg/mL of amiodarone and 

GSK2789899A after 72 hour incubation time at 37oC. The scale bar is 50 µm. 

4.48: Light microscopy image of H&E stained NR8383 cells. The cell morphology varies as a function 

of time (24, 48 and 72 hours) and amiodarone concentration (0, 3.13, 6.25 and 12.50 µg/mL). The scale 

bar is 50 µm. As it can be observed the cells increase in size as the amiodarone concentration and 

incubation time increases.  

4.49: Refractive index microscopy NR8383 live cells (A) control and (B) incubated with 3.13 µg/mL 

amiodarone for 48 hours. The scale bar is 15 µm. As it can be observed in this image the cells are 

significantly enlarged, as highlighted with the red box, after amiodarone incubations. 

4.50: Light microscopy image of H&E stained NR8383 cells doped with amiodarone before and after 

being freeze-dried. The vertical scale bar is 50 µm. The black arrows demonstrate the increase in the 

visibility of the cellular attachment filaments under freeze-drying conditions. 

4.51: Fluorescent confocal microscopy image of fixed NR8383 cells using lysotracker red to strain the 

lysosomes and DAPI to strain the nucleus. “foamy” appearance of the macrophage cell model after 72 

hours amiodarone incubation at different concentrations, as highlighted by the white arrow. The scale 

bar is 25 µm 

4.52: The number of live cells determined from automated fluorescent wide-field microscopy images 

of NR8383 cells dosed with amiodarone at 0.78, 1.56, 3.13, 6.25 and 12.50 µg/mL and control. Three 

wells per performed per condition. The number of live cells was determined by counting the number of 

nuclei present per condition per well. Each colour/shape represents a different incubation time, the blue 

diamond represents the 4 hour time-point, the red triangle is the 24 hour time-point, the green circle is 

the 48 hour time-point and the purple square represents the 72 hour time-point.  

4.53: Lysotracker signal per well normalised to the number of living cells in the same well for the 

different amiodarone concentrations studied (0.78, 1.56, 3.13, 6.25 and 12.50 µg/mL and control). Each 

colour/shape represents a different incubation time, the blue diamond represents the 4 hour time-point, 
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the red triangle is the 24 hour time-point, the green circle is the 48 hour time-point and the purple square 

represents the 72 hour time-point. 

4.54: Wide-field microscopy image of high throughput fluorescent microcopy of NR8383 cells 

incubated for 72 hours at 6.25 µg/mL and stained with Lysotracker red and Hoechst. The images were 

acquired using a wide-field microscope, the Incell 2000 and a x100 objective. (A) Live cells and in (B) 

freeze-dried cells.  

4.55: Transmission electron microscopy images of freeze-dried HeLa cells. (A) HeLa cells section at a 

direct magnification of 12000x. (B) HeLa cell mitochondria at 25000x direct magnification. RER 

indicates the Rough endoplasmatic reticulum feature and M the mitochondria. 

4.56: Imaging Flow Cytometry images of NR8383 cell line when incubated with different 

concentrations of amiodarone for 72 hours. The 2000 cells per condition were fluorescently stained 

with the nuclear dye Hoescht 33342 (blue) and Lysotracker (red), which stained the lysosomes. The 

number and size of lysosomes increased with the treatment concentration (white line scale bar is equal 

to 10 µm). 

4.57: 2D ToF-SIMS representation of a depth profile of freeze-dried NR8383 cell dosed with 1.56 

µg/mL amiodarone on glass slides (125x125 µm3 field of view). Signal-to-noise of at least 3:1 

throughout the analysis and final ion dose of 2.2 x1012  primary ions/cm2. The lateral resolution of this 

image was calculated to be 3.4 µm.5 

4.58: Extrated ion images of a nuclear marker in red, amiodarone in green and a cellular marker in blue 

of the image shown in Figure 57 with the signal intensity scale on the side of each image. The 

endogenous markers are C5H5O+ (m/z 81 Da)  in red and phosphatidylcholine fragment from lipids (m/z 

184 Da) in blue. 

4.59: ToF-SIMS from freeze-dried cells incubated with 1.56 µg/mL amiodarone higlighting the 

amiodarone [M+H]+ ion present in the spectra. This is the total spectra for all the depth profile 

acquisitions perfomed to produce image 57. There is a rich region at the low molecular weight part of 

the spectra and at 520 the amiodarone metabolite can be found and well as the isotopic patern of 

amiodarone on the insert part of the image. 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

16 | P a g e  
 

4.60: ToF-SIMS amiodarone signal for five different depth slices of an NR8383 cell incubated with 

1.56 µg/mL amiodarone for 72 hours. Laser scanning confocal microscopy results suggest that slice 2 

is aproximately 200 nm deep into the cell, slice 5 is 500 nm, slice 10 is 1 µm, slice 20 is 2 µm and slice 

30 isaproximately 3 µm. Field of view of 125 x125 µm3. 

4.61: Processed images of the three biological replicates. The green represents the amiodarone signal, 

and the blue represents one of phosphocholine signal (86 m/z). Field of view of 125 x125 µm3. 

4.62: Amiodarone signal intensity for the images shown in Figure 57, which is shown indicating the 

regions of interest selected, each ROI is a cell. The spectrum shows the intensity of the amiodarone 

signal in counts for the four selected regions of interest. 

4.63: Plot comparing amiodarone signal obtained by ToF-SIMS on the y-axis with amount dosed on 

the x-axis (dose: 0.78, 1.56, 3.13 and 6.25 µg/mL). One replicate was performed for each concentration, 

except for 1.56 µg/mL for which three replicates where performed. 

4.64: Confocal microscopy (LEXT by Olympus) of amiodarone incubated NR8383 cells. This 

technique allows the determination of the volume of the cells. These cells were then analysed using 

ToF-SIMS. (A) Light microscopy image; (B) Image generated by the laser confocal microscope (LEXT, 

colour scale from 0 to 5 µm) and (C) ToF-SIMS depth profile dataset of the cells seen on the confocal 

microscopy image, the larger image shows the amiodarone signal and the insert shows the total ion 

image. Scale bar is 15 µm. 

4.65: (A) Correlation between ToF-SIMS amiodarone signal intensity and cell volume for the cells 

measured using laser confocal microscopy, in Figure 63. (B) Three-dimensional representation of the 

data shown in Figure 63. 

4.66: Amiodarone signal obtained by ToF-SIMS measurement normalized to the cellular volume 

obtained by confocal laser microscopy plotted against the amiodarone concentration in the incubation 

media. In this plot three replicates were performed for the following amiodarone concentration 1.56, 

3.13 and 6.25 µg/mL.  The square in the box plot show the media value, and the whiskers show the 

upper and lower extremes of the data set 
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4.67: Chromatogram displaying the total ion count for the NR8383 cell lysate on a C18 column as a 

function of time. 

4.68: Pairwise plots of the numeric data indicate a high degree of correlation within each of the 

treatment groups. Pairwise plots represent functions pairs of the scatterplots for each column in a matrix. 

The individual points represent individual proteins 

4.69: Principal Component Analysis (PCA) of the data set of the amiodarone incubated NR8383 cells. 

The samples cluster according to the amiodarone incubation concentration, in pink the control samples 

cluster together, in red the 0.78 µg/mL amiodarone incubated samples cluster together but away from 

most of the other concentration points. In olive green the 1.56 µg/mL amiodarone incubated cells cluster 

with the 3.13 µg/mL incubated cells, green. In blue the higher concentration used, 6.25 µg/mL, clusters 

separately from the other drug exposure concentrations.  

4.70: A distance matrix plot suggests the differences and similarities between sample groups. The 

different samples and replicates are displayed in a coloured matrix form where the colour indicates 

abundance as shown in the colour key. 

4.71: STRING interactome of the up-regulated and down-regulated proteins identified as having a 

statistically significant change between the control and the dosed cells. Each sphere represents a protein, 

and their size is indicative of the information available in STRING. The images shows the interaction 

of the proteins identified as relevant in the statistical analysis with their closely related proteins that 

were also identified but whose changes were not deemed statistically significant. 

4.72:  Lipid class profile distributions (c is the control cells and S1 the amiodarone treated cells) of the 

lipidome experiment performed in amiodarone incubated NR8383 cells. The lipid classes key on the 

right hand side relates to the following lipid classes: Ceramides, ChE-Cholesteryl Ester, Co- Coenzyme, 

DG- diglyceride, LPC-lysophosphatidylcholine, LPE-lysophosphatidylethanolamine, LPG- 

lysophosphatidylglycerol, MG-Monoglyceride, PC- phosphatidylcholine, PE- 

phosphatidylethanolamine, PG-phosphatidylglycerol, PI-phosphatidylinositol, PS-phosphatidylserine, 

SM-sphingomyelin, TG-Triglycerides. 
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4.73:  Data transformation of the lipid profiling analysis performed on amiodarone incubated NR8383 

cells to reflect on the data obtained the doubling of the media concentration (A) Log 2 transformation 

for the amiodarone media concentration. (B) Intensity/ area of the lipid signal, untransformed and (C) 

Log 10 transformed intensity/ area of the lipid signal.  

4.74: Curves for the fifty lipids which have the best fitting dose-response curves/lines for the lipidome 

profiling experiment in amiodarone incubated NR8383 cells. Each colour represents a lipid, the three 

points for the three replicates can be visualised for the different concentrations starting from the lowest 

to the highest (0 µg/mL to 6.25 µg/mL) from left to right 

4.75: ANOVA model Manhattan plot of each dose versus the control of the lipid profiling study 

undertaken using amiodarone dosed NR8383 cells. The orange represents 0.78 µg/mL, green is 1.56 

µg/mL, blue is 3.13 µg/mL and purple 6.25 µg/mL. The lipids that the data indicate to be changing the 

most are labelled on the plot; these are the lipids that could potentially be investigated further using 

pathway analysis. 

5.76: ToF-SIMS 2D images of 3D data acquired from cells entirely consumed by the argon cluster 

source during analysis and was acquired in high-spatial resolution mode. NR8383 cells were incubated 

for 2 hours with 6.25 µg amiodarone/ mL. Composite image where red represents Ribose (m/z 81), blue 

shows the signal from the phosphatidylcholine lipid fragment (m/z 184) and green shows the 

amiodarone protonated molecular ion signal (m/z 646). 

5.77: ToF-SIMS 2D images of 3D data acquired in the same way as Figure 76. The Figure shows HeLa 

cells incubated for 2 hours with 6.25 µg amiodarone/ mL. Composite image where red represents Ribose 

(m/z 81), blue shows the signal from the phosphatidylcholine lipid fragment (m/z 184) and green shows 

the amiodarone protonated molecular ion signal (m/z 646). 

5.78:  ToF-SIMS 2D images of 3D data analog to Figure 76 and Figure 77. The Figure shows Hek 293 

cells incubated for 2 hours with 6.25 µg amiodarone/ mL. Ribose (m/z 81) is shown in red, the 

phosphatidylcholine lipid fragment (m/z 184) is shown in blue and the amiodarone protonated molecular 

ion signal (m/z 646) is shown in green. 
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5.79: ToF-SIMS 2D images of 3D data set acquired in the same way as Figures 76, 77 and 78. In this 

image the experiment was performed on HepG2 cells (6.25 µg amiodarone/ mL incubation for 2 hours). 

Composite image where red represents Ribose (m/z 81), blue shows the signal from the 

phosphatidylcholine lipid fragment (m/z 184) and green shows the amiodarone protonated molecular 

ion signal (m/z 646). 

5.80: ToF-SIMS 2D composite image of secondary ions acquired using the lower spatial resolution 

mode used to collect the larger number of cell measurements. (A) NR8383 cells, (B) HeLa cells, (C) 

Hek293 cells, (D) HepG2 cells, incubated for 2 hours with 6.25 µg amiodarone/mL. Composite image 

with all the three extracted signals. Red represents Ribose m/z 81, blue shows the signal from the 

phosphatidylcholine lipid fragment (m/z 184), and green shows the amiodarone protonated molecular 

ion signal (m/z 646). 

5.81: Frequency histogram of total amiodarone signal intensity (counts) per cell measured by ToF-

SIMS for each of the four cell types, NR8383, HeLa, Hek293 and HepG2. The fitted normal 

distributions are displayed as a solid red curve. 

5.82: (A) box plot showing single cell population measurements for each cell type using the ToF-SIMS 

integrated amiodarone protonated molecular ion counts for each cell NR8383 n = 62; HeLa n = 86; Hek 

293 n = 57; HepG2 n = 124 (B) box plot showing cell population measurement using the LC-MS/MS 

assay, for each sample approximately 4.7x106 cells were used.  

5.83: Comparison of the average cell associated amiodarone intensity determined by ToF-SIMS from 

a number of individual cells with the amiodarone cell uptake determined by LC-MS/MS from ensemble 

measurement of a large cell population (approximately 5000 cells per injection) for all cell lines 

incubated with 6.25 µg amiodarone/mL for 2 hours. The diamond represents the NR8383 cell line, the 

square represents HeLa cells, the circle represents HepG2, and the triangle represents Hek293 cells. 

The error bars represent one standard deviation from the average value. NR8383 n = 62; HeLa n = 86; 

Hek 293 n = 57; HepG2 n = 124 

5.84: Amiodarone intensity determined by ToF-SIMS (mean plotted from individual cell 

measurements) versus the amiodarone cell uptake determine by LC-MS/MS population ensemble 
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measurement from approximately 4.7x106 cells for all cell lines after incubation with 6.25 µg/mL for 2 

hours for the high resolution imaging mode used  (this data directly relates to Figure 76, 77, 78 and 79). 

The diamond represents the NR8383 cell line, the square represents HeLa cells, the circle represents 

HepG2, and the triangle represents Hek293 cells. The error bars represent one standard deviation from 

the average value.  

6.85: Scatterplot of the multiple variables and replicates. The blue circle represents the neat compound, 

the red square represents the cell lysate mixture, the green diamond represents the compound spotted 

on tissue, the pink triangle represents the liver paste method and the black filled circle represents the 

compound incubated cells. The GSK compounds are identified by the last 3 digits of their designation. 

6.86: Pairwise matrix plot comparing the five study conditions: neat, cell lysate, tissue, liver paste 

method and cell incubation. Each condition is compared with each other to produce a matrix of plots 

showing that the highest correlation with cells is achieved by the neat application of the compounds. 

6.87: Pairwise plot of the correlation between the signal for each of the tested neat compounds and the 

compound signal in compound incubated cells. The r2 value and the p-value calculated from that 

correlation are 0.377 and 0.0256 respectively. 

6.88: PCA on the physical-chemical properties of the compounds. This analysis visualises how different 

the compounds are to each other despite them obeying the physical-chemical properties rules commonly 

used in drug discovery. 

6.89: Scatter plot presenting the relationship between LogD and compound signal in the cell. The p-

value is 0.387, and the r2 value is 0.3614. 

7.90: Optical confocal fluorescence microscopy of NR8383 cells co-cultivated with Green Fluorescent 

Protein (GFP) BCG for 48 hours. (A) Bright field image, (B) 561 nm channel GFP BCG, (C) 488 nm 

channel, Hoechst nuclear stain, (D) 640 nm channel, cell tracker red, and (E) composite image of the 

three fluorescence channels.  

7.91: Micro-colonies of the tuberculosis model, Mycobacterium bovis BCG, overexpressing DprE1 

incubated for two days with GSK3338058A at 10x the MIC (30 µM). (A) The location of BCG micro-

colonies are depicted by the white arrows.  The image shows three technical replicates (different areas 
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from the same sample), the scale bar is 5 µm (FoV 40x40 µm). (B) Region of the spectrum showing the 

[M+H]+  of the compound can be seen. 

7.92: BCG over-expressing DpRE1 incubated for 48 hours with GSK3338058A at 1x the MIC (3 µM) 

imaged using ToF-SIMS 5. (A) Total ion image for a larger area were several bacterial micro-colonies 

can be visualized, and on the right is the analogous image, with compound signal only. (B) Spectral 

representation of the region of the spectrum showing an ion consistent with the pseudo-molecular ion 

of the compound which was not observed in the control only experiment.  

7.93: ToF-SIMS of BCG incubated with 10xMIC GSK3338058 (30 µM) for 48 hours. (A) Bacteria 

over-expressing DpRE1, the field of view is 50x50 µm.  (B) Non-mutant empty vector control. The 

main image shows compound molecular ion signal and the smaller images to the side shows the total 

ion image for the same area as the main image. The field of view is 100x100 µm. 

7.94: ToF-SIMS DpRE1 mutant BCG incubated with GSK2620592A at 50x the MIC (250 µM). (A) 

Shows a pictorial representation of the signal for 324 m/z for potentially two bacteria, with the total ion 

image on the right side. The scale bar is 5 µm. (B) Shows the spectra associated with the compound’s 

molecular weight region showing the M+H+ 324 of the compound.  

7.95: Correlative analysis between AFM (C) and the same bacteria run on the ToF-SIMS (A and B). 

ToF-SIMS total ion image (B) as well as the compound molecular ion (A). This image shows potentially 

two bacterial cells side by side, the AFM shows roughness of the sample, this could be associated to 

the freeze-drying process these samples have undergone. 

7.96: BCG DpRE1 incubated for 48 hours with GSK3338058 at 10x the MIC (30 µM) imaged using 

ToF-SIMS 5. The image shows in (A) the total ion image obtained by ToF-SIMS and the compound 

region of the spectra (454 m/z) acquired in the high spatial resolution mode. In (B), the AFM data can 

be observed, and in (C) the compound region of the spectra can be observed (454m/z). The conditions 

used for the acquisition of the images on Figure 95 were the same as Figure 96. 

7.97: Full scan OrbiSIMS spectrum of BCG incubated with 10x the MIC of GSK3338058. Insert of the 

compound’s pseudo-molecular ion. On the insert, the isotopic pattern matches the expected pattern for 

this compound. 
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7.98: KEGG obtained BCG metabolite pathways in which at least one metabolite was identified. The 

red and blue relate to aminoacid metabolism, in yellow the carbohydrate associated metabolite pathways 

can be seen, in green all the pathways identified associated to lipid metabolism can be identified. The 

nucleotide metabolism pathways can be found in purple, and vitamin and mineral in sky blue. 
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List of Tables 

3.1: Lysotracker signal as a functions of amiodarone concentration in NR8383 cells using imaging flow 

cytometry. In this table the lysotracker signal is used as a surrogate for lysosome size, and therefore 

amiodarone accumulation. The tables show a clear increase of lysotracker signal with the amiodarone 

dose. However, once it reached 3.13 µg/mL the lysotracker fluorescence plateaus. 

3.2: Summary statistics of the fifteen samples (three replicates for each condition, NR8383 cell 

incubated with 0, 0.78, 1.56, 3.13, and 6.25 µg/mL amiodarone for 72 hours collected in this study 

suggest no obvious outliers, the different samples and replicates are depicted in each row and in the 

different columns the statistical results can be found. 

3.3: Proteins identified as significantly differentially expressed when comparing the 6.25 µg/mL 

incubated samples with the control samples from the amiodarone incubated NR8383 cell data set. 

3.4. The five lipids whose dose-response curves best fitted the dataset. DC stands for 

diradylglycerolipids, PC stands for phosphatidylglycerols, and TG refers to triradylglycerolipids. 

5.5:  Summary table of the compound GSK number, image identifier (usually the last three digits of the 

whole number), the structure of the compound and in which matrix it was identified. In red are the 

compounds whose signal was not visible and in green are the compounds whose molecular ion were 

identified. 
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1. Introduction 

The general objective of this thesis is to probe the distribution of pharmaceutical compounds in cultured 

cells using SIMS. The pharmaceutical industry has struggled to develop reliable and translatable models 

that are representative of the drug’s effect on the patient, hence its absolute reliance on clinical trials. 

Human clinical trials are always going to be a fundamental part of the drug development process, as 

only the human body conveys its complexity.45 However, being able to visualise that the drug is inside 

cells and tissues can be extremely advantageous for the drug discovery process, as it is the first link on 

a chain of desired events. Once the internalization of the drug molecule has been established, this 

provides confidence that one of the requirements of what makes a good drug is met. SIMS has both the 

spatial resolution and sensitivity to provide this answer, and for this reason it can potentially play a 

critical role in the drug discovery process.  

 

 

Figure 1: Drug discovery and development diagram.7 The picture describes both the preclinical and clinical studies workflows. 

The project team investigates the target and conducts research both in vivo and in vitro before the data is submitted as a New 

Drug (ND) application to the Federal Drugs Administration (FDA). Once the ND application is approved, the phase I, II and 

III clinical trial stage can start. If this phase is successful the application for a new drug can be filled, the data is then reviewed 

by the FDA and the drug is approved for the market. Reproduced with the permission of the publisher, Springer Nature. 
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The classic drug discovery pipeline comprises several steps, these are fundamental in this process as 

they always precede human clinical trials steering the direction of the drug discovery and development 

process, which is outlined in Figure 1. The process is divided in two parts, research or discovery  phase, 

a more creative/ less regulation bound environment, while drug development is a much more controlled 

environment, in which the lead molecule is subjected to a range of tests to ensure compliance with 

regulatory specifications.46 

The drug discovery process starts by identifying a disease area and a biological target. Target 

identification is achieved by conducting experiments centred on the biology of the disease target, an 

endogenous entity responsible for the disease state in question is defined. This step is followed by either 

designing a range of compounds that are thought to be effective against that target, or embarking on a 

High Throughput Screening (HTS) campaign to identify molecules that could be useful against the 

target of interest (the discovery phase).47 The primary issue with the latter approach, is that it is 

incredibly complex to design an HTS that has the necessary speed to cover sufficient candidate 

compounds and is still biologically representative of the disease model studied. Following on from the 

HTS, which is also commonly referred to as a 1st tier assay, there is a need to develop assays (2nd or 3rd 

tier assays) that follow these high throughput efforts to interrogate the mechanism behind the drug’s 

effect observed in the HTS and thus validate the compound activity in vivo (lead validation).47 These 

assays are either cell or animal-based models, however in many cases, both the cell and the animal are 

like black boxes, the input and output are known, however the underlying mechanism is unknown,  and 

therefore there is no real understanding of the intricate complexity of the target’s biology, and decisions 

are made based on the phenotypic response observed. 48,49 

Often these campaigns fail to find a suitable drug candidate, this could be due to several different 

reasons such as reduced compound permeability, off-target activity and target inaccessibility amongst 

others, illustrated in Figure 2 for cellular targets.8 The analytical techniques currently available within 

drug discovery, often merely hint at the reasons why a compound fails to become a drug. Based on these 

results the compound is often redesigned to try to overcome the issues. An improved understanding of 
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the reasons why the compound failed would improve success rates in early drug discovery and help 

reduce the currently high attrition rate in pharmaceutical Research and Development  (R&D).50 

 

 

 

Figure 2: Drug discovery intracellular targets8 Most drug targets are intracellular, kinases can be mainly found in the 

cytoplasm, transporters are mainly found in the mitochondria and there are a multitude of genetic targets in the nucleus. 

Reproduced with the permission of the publisher, Springer Nature. 

 

 

There are several techniques that are presently used to probe the biology of disease targets, all with 

advantages and limitations. For instance, Matrix Assisted Laser Desorption Ionisation (MALDI) has 

shown excellent results in characterising the distribution of drug compounds in tissue.51  Still, it has 

limited spatial resolution, therefore it is not suitable for interrogating cells in culture as it cannot resolve 

sub-cellular distribution. Even the most recent applications from a leader in this field, Richard Caprioli, 

show only a 5 µm resolution.52 Other limitations of MALDI are the requirement for deposition of a 
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matrix on the sample and the fact that it does not produce three-dimensional information. In contrast, 

electron and light microscopes have a very high spatial resolution, especially the reported cryo-electron 

microscopes with 2.6 Å resolution that allow structural elucidation of a virus.53. In the vast majority of 

cases, in order for compounds to be observed for both electron and light microsopy, they need to be 

labelled, a process that might affect their physical-chemical properties, or contain unique moieties that 

differentiate them from the complex biological background.54 Liquid- Chromatography -Tandem Mass 

Spectrometry (LC-MS/MS) can also be used to determine the presence of drug inside the cell55 as it is 

very sensitive and can be quantitative, however it contains no localization information since the cells 

must be destroyed to extract the analyte. In some cases, a controlled destruction protocol can be 

employed to infer the analyte’s localization, such as micro-laser dissection to excise parts of the tissue 

to then perform LC-MS/MS.56 

In summary, the current technologies are limited to either label-free at micrometre resolution or sub-

micrometre resolution with the addition of tags. Therefore, it is necessary to develop label-free 

molecular imaging techniques with high spatial resolution (50 nanometres) and sensitivity that allows 

tracking of intracellular drug distribution.  Developing an imaging system to address these issues is 

where the OrbiSIMS concept comes in. The potential of combining the fast imaging Time-of-Flight 

analyser (ToF) in most SIMS instruments with the slower, but highly accurate Orbitrap analyser, as 

proposed by Ian Gilmore et al., increasing the potential applications of this technique which is 

introduced in the following chapter.57 

The main objective of this work is to determine if SIMS is suitable to interrogate the presence of 

pharmaceutical compounds inside cells, both mammalian and bacterial with the aim to provide clear 

evidence of cellular drug internalization, this is crucial as most drug targets are intracellular. In order to 

provide further insight on the results obtained using SIMS, other established techniques, such as 

microscopy and LC-MS/MS were also used in this thesis.
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2. Literature review 

2.1) SIMS overview 

SIMS is an ultra-high vacuum analytical technique in which mass spectrometry is used to analyse ions 

emitted by a surface after the surface is bombarded with a primary ion beam (including Bi3
+, Ar2000

+and 

C60
+ amongst others). During surface bombardment by the primary ion beam, a multitude of species are 

sputtered from the surface, mainly neutral species but also electrons and more importantly ions (Figure 

3). These charged species are then able to be extracted using an applied potential into a mass 

spectrometer (MS) providing a “chemical picture” of the surface.58 

SIMS was first regarded as a potential characterisation tool in the mid-1970s by the Benninghoven and 

Vickerman groups but not in its current form. Monoatomic argon ion beams were used along with a 

quadrupole analyser to characterise the adsorption of carbon monoxide on metal single crystal 

surfaces.3,58 In the early 1980s, Briggs et al. published characterisation from a synthetic polymer using 

argon and xenon ion beams with a quadrupole analyser59 and this developed to improve lateral 

resolution using liquid metal ion beams approaching 100 nm spatial resolution.60 The late 80s saw 

Briggs and Hearn using a gallium ion beam and a ToF set-up51 and in the early 90s Vickerman’s group 

collaborated with Winograd’s group to develop a SIMS instrument specific for biological samples60. 

According to Vickerman, the first biological experiment performed focused on the analysis of the lipid 

content of the membrane junction region of protozoa. Since the beginning of the millennium SIMS has 

been used extensively to determine lipid profiles for several disease states such as Duchenne muscular 

dystrophy and Fabry disease, amongst others, by the Brunelle lab. This resulted from the detection of 

lipids and other small biomolecules with high abundance.61,62 

Metal cluster ion beams, such as Bi3
+ result in higher ion yields, as the sputter yield increases, however, 

they still create significant sub-surface damage, so the analysis is constrained to the upper surface. 

Polyatomic ion beams, with larger cluster sizes such as C60
+ and more recently gas cluster ion beams, 

such as Ar3000
+, create reduced damage or in the latter case almost no damage to the sample. The 
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combination of both beams can be beneficial for depth profiling. The old, so called static limit may now 

be overcome leading the way to improved sensitivity since more material can be analysed. 

SIMS has been phrased as a non-destructive technique as it consumes only 1/10 of the uppermost atomic 

monolayer.58 A beam of primary or polyatomic ions (between 1 keV to 50 keV) hits the surface resulting 

in a sequential series of collisions of the sample’s constituent atoms and molecules are disturbed, called 

the collisions cascade, as shown in Figure 3. 

 

 Figure 3: SIMS sputtering schematic by Castner et al.9 The image shows ions being fired at a substrate. The collision cascade 

observed is the result of collisions following the impact of the primary ion beam. As a result, a range of molecular and atomic 

species are ejected from the surface. Only approximately 1% are ions which are then guided to the detector.9 Reproduced with 

the permission of the publisher, Springer Nature. 

 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

33 | P a g e  
 

SIMS experiments can be performed in both two (2D) or three (3D) dimensions. A 2D experiment, or 

surface analysis, provides information from the top 1-2 nm of the sample. In a 3D experiment, also 

referred to as depth profile,  the chemical and spatial information originates both from the surface and 

from consecutive layers below the surface, as a sputtering beam is used to erode the sample away to 

provide information as a function of depth.63 Regardless of the SIMS modality used for any given 

analysis, SIMS involves the analysis of secondary ions, their ionisation occurs quite close to the surface 

and the surface’s electronic state influences it, this is represented by the following equation58: 

Im=Ip ymα+θmη

Im - Secondary ion current of species m 

Ip  - primary ion particle flux 

ym - sputter yield 

α+ - ionisation probability to positive ions 

θm - factorial concentration of the chemistry m in the surface layer 

η  - transmission of the analysis system 

 

The sputter yield (ym) is dependent on the total number of particles sputtered which depends on the 

primary particle characteristics, such as mass and energy. There is a fine balance between having a good 

ion yield and the degree of damage to a surface. Lower molecular weight ion beams cause more damage 

than higher molecular weight ions beams, where the ion energy is distributed between all the atoms at 

impact, this introduces the concept of damage cross-section. This can be summarised in the equation 

below58:  

Im= Imo exp (-σ Ip ) 

 

Im - Secondary ion current of species m 

Ip - primary ion particle flux 

σ - damage cross-section 

 

Higher molecular weight ion beams have a yield of several hundred molecules per impact and a damage 

cross-section below 10-15, this accounts for the high sensitivity of this technique. 
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The Time-of-Flight (ToF) analyser is the most commonly used in SIMS for the analysis of both organic 

and inorganic molecules, however other mass spectrometers are available and that now currently 

extends to hybrid instruments with the introduction of the OrbiSIMS in 2016.3 SIMS has potentially a 

wide variety of applications and has been used in the analysis of everything from biological cells to 

smartphone screens and moon rocks.58  

Most of the data shown in this thesis, was acquired using a dual beam approach with a metal ion gun 

beam as the analysis beam in most cases, and an argon cluster beam as a sputter beam. The liquid metal 

ion beam is highly focused and it allows for excellent spatial resolution, however it is quite damaging 

to the surface of the sample, and for this the gentler polyatomic ion gun can be used to sputter the 

damaged surface away revealing a new and damage-free surface to be further probed with the metal ion 

gun, this process occurs recurrently until the end of the experiment is reached. Delayed extraction mode 

was also used in instances where a high-mass-resolution method is referred, as the mass resolution is 

improved due to improved ion energy compensation.64  

At present, SIMS instruments can generate both 2 and 3D chemical images, but further improvements 

are foreseen for the future. For example, ion beams can be used in direct current (DC) mode which 

segregates the sputtering from the mass spectrometry; this can potentially allow the use of other 

analysers and therefore tandem mass spectrometry. In addition to this, DC allows much higher duty 

cycle, lowering analysis time; the downside is the decrease in transmission.58 

 

 

2.1.1) SIMS Sputtering 

SIMS was first regarded as a useful technique for surface analysis towards the end of the 1960s as a 

consequence of the work performed in Munster by the Benninghoven group. However, the poor ion 

yield was an issue for detecting and in particular imaging low concentration species. 

Big advances in sensitivity came with the use of cluster projectiles such as Bi3
+, C60

+ and more recently 

gas clusters ion beams (GCIB) putting forward beams of argon clusters molecules. The nature of a 

polyatomic beam allows for the energy of the beam to be spread across all atoms that form that beam, 
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which means that the damage to the surface is reduced, reducing ions fragmentation and therefore 

allowing the analysis of intact molecules rather than fragments.58,65 

 

Figure 4: Computer simulation of the molecular dynamics of different primary ion beams, with a kinetic energy of 15 keV, 

bombarding an Ag (111) crystal. The different atomic layers are represented with different colours and the grey particles 

represent a depth of 4.6 nm. The first three rows show a cross-section of the crystal, the first row show the system at 0 ps, the 

second row shows the system at 3 ps, and the third row at 39 ps. The bottom row shows a top view of the impacted area. The 

numbers displayed on the third row are the number of atoms ejected upon primary ion impact. Reproduced under Attribution 

3.0 Unported. 
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The sputtering yield (Y) is the average number of atoms removed from the target per incident particle 

(atom per ion). It is dependent on the energy of the primary ion beam and the type of primary ion 

beam.58 

In Figure 4, computer simulations of the molecular dynamics that results from the bombardment of a 

surface with different types of primary ion beams can be observed. The kinetic energy used was 15 

keV, which means that the kinetic energy varies between 15 keV for gallium and 17.2 eV for argon. As 

it can be observed, the ion beams that penetrate deeper into the material are Ga and Au3, hence causing 

more damage to the surface, however the number of sputtered atoms is the lowest from the ones 

observable in Figure 4.  

When looking at the craters resulting from the impact of the C60 or Ar872 primary ion beams their 

appearance is similar, however the depth-damage caused by the gas cluster ion beam is much lower, 

and the ion yield is approximately one-third of the ion yield generated using C60, it is thought this is due 

to the lower kinetic energy per particle in the cluster. This can also have some effects on the ionization 

probability which tends to be lower for gas cluster metal ion beams.66  

 

 

2.1.2) SIMS ionization 

An essential pre-requisite to generating secondary ions is the fact that sputtering results from the 

incidence on the surface of the primary ion beam. The other requisite is the ionisation of some of the 

sputtered species. This  process is not completely understood, but there is clear evidence of matrix 

effects where components both enhance and suppress secondary ion yields,58 and low ion yield are the 

main factors thought to influence SIMS ionization.67 

The typical SIMS ionization probability is thought to be below 10-5, therefore, typically the ion yield 

from a 1 µm2 pixel area under static conditions is less than 0.01. From Figure 4, it is clear that an increase 

in the cluster size results in the increase of the ion yield, however if the cluster size increases without 

the increase of the beam energy, the ion yield will decrease and as the impact energy of the cluster 
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decreases so does the ionization efficiency. Therefore, increase in sputtering yield does not always result 

in increased ionization efficiency.68  

Matrix effects are defined as chemical environment induced changes in the ionization efficiency up to 

several orders of magnitude, the matrix effect phenomenon is especially prominent in biological 

samples, as their compositions tends to be highly heterogeneous, composed amongst others, of lipids, 

proteins, metabolites and nucleic acids.  

Jones et al. demonstrated that proton exchange was the most prevalent ionization mechanism in ToF-

SIMS, molecules with high ionization efficiency suppress the ionization of the molecules with low 

ionization efficacy.69 Several different approaches have been attempted to reduce matrix effects, they 

range from gold coating of the sample to the use of water polyatomic beams.70 

Enhancing secondary ion generation can also be performed by using laser post ionisation; a laser 

illuminates the plume just above the sample and just before the extractor, which potentially ionises the 

neutrals that are sputtered from the analyte. Unfortunately, the laser beam is not capable of ionising all 

the species, and the ionisation efficiency is quite variable between samples; therefore the community 

needs to work on increasing efficiency and robustness of these laser beams.71 

Currently, the foremost improvement to increase ionisation efficiency lies with primary ion beam 

improvements. The ideal ion beam needs to produce the highest secondary ion beam with the lowest 

decline of molecular information.72 

 

2.1.3) SIMS Instrumentation 

There are many configurations of a SIMS instrument, different primary and sputter ion guns and mass 

analysers, but in this thesis, the focus will be primarily on ToF-SIMS, or the novel OrbiSIMS.57 The 

ToF-SIMS instrument has one or more primary ion guns, once the beam hits the target the ions 

generated are collected using the extractor electrode. Inside the instrument, the sputtered ions are guided 

by the ion optics to the mass analyser and their mass to charge can then be determined (Figure 5). 
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ToF is a mass analyser in which the mass to charge (m/z) ratio is determined by the time it takes for the 

ion to reach the detector.  The time of flight is simply proportional to the square root of the mass of the 

ions.73 

 

Figure 5: Simplified schematics of IONTOF’s ToF-SIMS. The image represents the basic components of a ToF-SIMS 

instrument: target plate where the sample is introduced, electron flood gun, the primary ion gun, the ion optics, the time of 

flight analyser and finally the detector. Attribution 3.0 Unported, Hofmann and al. image from the Royal Society of Chemistry 

 

 

This instrument is equipped with a reflectron mass analyser, which is a low-pass filter,  the acceptance 

of the analyser can be adjusted by adjusting the reflectron voltage; a lower reflectron voltage means 

fewer ions will be transmitted.74 The field strength of the electric field above the sample surface is 

crucial for the extraction of the secondary ions, this is a tuneable parameter that needs to be adjusted as 

it must be high enough to extract the ions but low enough so the ion beam is not distorted.  

The time of flight dispersion of the secondary ions in the analyser is minimised by matching the dynamic 

emittance when the surface is rastered with the primary ion beam. The reflectron is an energy focusing 

device meaning that ions with a slight difference in energy have the same time of flight (energy 

focusing).74 
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To ensure good mass resolution, the primary ion gun has to be operated in bunch mode, where the pulse 

of ions is sent through a condenser in order to bunch them together to create a below nanosecond ion 

packet.75  Mass resolution is strongly influenced by the width of the primary ion pulse, which needs to 

be below 600 ps for optimum performance.74 

 

 Figure 6: ION-TOF IV at the School of Pharmacy facilities (The University of Nottingham). 

 

The 50 kHz cycle repetition rate or pixel frequency, as well at a 60 nm spatial resolution on ideal 

samples, are excellent advantages of the ION-TOF 5, however the mass resoltution is around 10000, 

for this reason the OrbiSIMS combines the speed of the ToF analyser with the high  mass resolution 

orbitrap analyzer as well as MS/MS capabilities enabling a more accurate identification of the molecules 

present in the sample.57 

The Orbitrap is a type of mass analyser that was first introduced in the year 2000 by Alexander 

Makarov.76 The Orbitrap technology has made a great contribution towards the MS-based proteomics 

boom that we are currently experiencing, due to its high mass resolution and accuracy. 77,78,79,80  

The Orbitrap employs orbital trapping in a special electrostatic field. The mass-to-charge ratio is derived 

from the frequency of the harmonic oscillation of ions along the axis of the field, which is then 

transformed using Fourier transform algorithms.76 
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Figure 7: OrbiSIMS schematics. At the centre of the Orbitrap mass analyser, there is a spindle where the ions orbit around as 

a result of a dynamic electrostatic field.3 The two-beam set up is maintained to allow greater flexibility of analysis, most of 

the ion guiding system to the ToF analyser is similar to the ToF-SIMS 5 except the secondary ion  switch, which allows the 

ions to be sent either to the ToF or Orbitrap analyser, the part of the Orbitrap system after the quadrupole is very similar to a 

QExactive HF. Instrument components not to relative scale. The Orbitrap diagram is included as an insert on the OrbiSIMS 

schematic. Reproduced with the permission of the publisher, Springer Nature. 
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As can be observed in Figure 7, the Orbitrap consists of a central spindle-like electrode along the axis 

and an outer barrel-like electrode.76 The advantages of the Orbitrap are:  

 High mass resolution, currently at 480,000 with the new 18 Hz ultra-high field Orbitrap. 

 Increased number of ions are stored in the trap owing to larger trapping volume with reduced 

space charge effects.  

 High mass accuracy (<1ppm with an internal calibration and <3ppm with an external 

calibration) and high dynamic range (>5000 within a single scan).76 

 

 

Figure 8: Table of operational methodologies of the OrbiSIMS, and diagram of the different imaging modalities. The table 

shows the flexibility of the OrbiSIMS, it allows the acquisition of surface spectra only using both the Orbitrap (mode 2) and 
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the ToF analyser (mode 1), spectral depth profile acquisition using the Orbitrap (mode 4), the ToF (mode 3) and the two 

detectors (mode 5).  In imaging mode, it can perform 2D imaging using the ToF (mode 6) or the Orbitrap analyser (mode 7). 

The 3D imaging capabilities are further illustrated on the diagram, the Orbitrap analyser can be used for imaging by itself 

(mode 8) or in a dual beam setup, used in conjunction with the ToF analyser (mode 9) on the same scan, or used to analyse the 

ions that result from the sputter scans (mode 10), in this mode no information is lost, as the imaging is performed using both 

analysers. The data obtained in this mode has both high spatial resolution (obtained with the focused Bismuth beam and the 

ToF analyser) and high mass resolution and MS/MS capabilities (obtained with the Argon beam and the Orbitrap analyser).3 

Reproduced with the permission of the publisher, Springer Nature. 

 

The development of the OrbiSIMS has been a collaboration between the NPL, ION-TOF, 

ThermoFisherScientific, GSK and the University of Nottingham. This new instrument combines 

secondary ion ionisation using argon and bismuth guns with two mass analysers, a ToF and an Orbitrap, 

this allows a number of different imaging modes, as illustrated in Figure 8. 

The OrbiSIMS combines the high mass accuracy and mass resolving power of the Orbitrap with the 

speed of the ToF analyser as shown in Figure 8. We have demonstrated the ability to map the 

localisation of endogenous and exogenous species in both cells and tissues with a spatial resolution of 

1.34 µm for organics and 172 nm for inorganics, and a mass resolving power of 240000@ m/z 200.3 

 

 

Figure 9: Single NR8383 cell incubated with amiodarone. Top image series shows the total ion image, and the bottom series 

shows the compound signal (in green) the phosphocholine marker (in grey) and the nuclear marker (in magenta). The spectra 

on the right shows the difference in peak width between the Orbitrap analyser (blue) and the ToF analyser (black).3 Reproduced 

with the permission of the publisher, Springer Nature. 
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2.1.4) SIMS biological sample preparation  

The first step for cell analysis is to establish a suitable method to introduce the cells into the ToF-SIMS 

instrument. SIMS is an ultra-high vacuum technique and biological samples are abundant in liquid 

content, as life requires water, this means that biological samples and SIMS are not compatible without 

any prior sample preparation. For meaningful analysis to be obtained, both chemical and structural 

integrity of living samples needs to be maintained for analysis in a vaccum environment. Fixing the 

cells (e.g. with glutaraldehyde), as for optical or electron microscopy, is not possible as the fixing 

process would most likely change the localisation of small drug-like molecules and the sample 

chemistry. 

One of the methods to analyse cells in ToF-SIMS is freeze-fracturing. The cells are placed between two 

substrates with beads that are the same height as the cell to protect them from being crushed. They are 

then placed in a cryogenic liquid, such as liquid ethane and propane, as these liquids are not affected by 

the Leidenfrost effect as is the case for liquid nitrogen. Therefore, the freezing rate (ideally around -

10000ºC/sec) is higher, reducing the potential formation of large crystals that cause cell disruption. The 

sandwich is then snapped, and the interior of the cells is exposed for analysis.72,81  

Robinson et al. evaluated three sample preparation methods, frozen-hydrated after cryofixation, 

lyophilised after cryofixation and chemical fixations. They concluded that the condition that best 

preserved the structural integrity of the cell was a frozen hydrated preparation, which they proposed can 

also increase ion yields due to reduced cross-section damage at cryogenic temperatures.82 

Robinson et al. developed a Z-correction algorithm in Matlab that allowed data sets to be corrected for 

the 3D/2D issue. They utilised Z-corrected data from fibroblasts that correlated exceptionally well with 

Atomic Force Microscopy (AFM) data generated on the same samples. Cells are three dimensional, and 

the data acquired by ToF-SIMS is effectively projected on a 2D image plane, inaccuracies can arise due 

to topography effects, and therefore the data processing step needs to take this into consideration.82  

Cryo-preservation has the advantage of better preserving the cells both chemically and structurally than 

freeze-drying. However, the added time required to analyse cryo-preserved specimens might negate the 

benefits, especially if the damaged caused by the lyophilisation (freeze-drying) process is on structures 
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that are below the spatial resolution limit of the instrument. Therefore, for the majority of the analysis 

performed in this thesis the method of cell preservation used was lyophilisation.  

 

 

Figure 10: Freeze-drying theory.10 The three matter states are a fine balance between temperature and pressure. In case of 

water, represented on the diagram, white represents the solid state (ice), grey represents the gas state (steam) and blue 

represents the liquid state (water). As it can be seen the triple point, where the three states coincide, is at 0.006 bar and at a 

temperature above 0oC.  Reproduced with the permission of the publisher, Springer Science Business Media New York 

 

 

The use of lyophilisation has been well studied and documented, Greaves et al.83 freeze-dried several 

different biological specimens and concluded that in general it is a suitable method for most biological 

entities such as mammalian cells and bacteria. However, for mammalian cells formation of crystals and 

increased concentration of solutes as the water is removed can be damaging to the cells organelle 

membranes. 
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The effects caused by freeze-drying will be evaluated in this thesis using microscopy, including electron 

microscopy. Freeze-drying is characterised by the removal of water under vacuum conditions without 

defrosting, through sublimation, this process leaves behind the waterless solutes or structures. 

Lyophilisation is a function of preassure and temperature. therefore, it can be explained by the freeze-

drying theory as outlined in the diagram in Figure 10.84 

 

2.1.5) SIMS of biological samples 

Mass Spectrometry imaging (MSI) has had many developments in the past decade, especially in the 

MALDI field.  Numerous studies have been conducted in tissues and even whole body sections, looking 

for both pharmaceutical compounds and endogenous molecules.51 

The number of studies using SIMS to analyse biological matrices has been quite modest compared to 

MALDI applications. The first single cell imaging publication (Winograd’s group) dates from 1997 and 

describes the optimisation of freeze fracturing in Paramecium cells; it follows on from detecting 

intracellular cocaine on cells treated with this compound85. Paramecium is a large single cell (average 

250 µm); however, analysis of more biological relevant mammalian cells (around 20 µm) is more 

challenging as the spatial resolution needed is higher. This can be achieved by increasing the secondary 

ion yield, which is possible by using a different metal ion gun such as bismuth.86 

One of the first examples of cell lipid profiling studies was performed in Tetrahymena, a protozoan, 

which again is a large single cell. Ostrowski et al. managed to prove the proposed hypothesis for the 

organism’s reproduction. It was thought it occurred by passing the nucleic acid material via the 

membrane when two protozoa were adjacent to each other. By monitoring the difference in lipid signals 

during the protozoa mating, they observed the phosphocholine signal decreased, and there was an 

increase in the signal associated with 2-aminoethylphospholipid, which is associated with membrane 

permeability, supporting the nucleic acid exchange hypothesis85. 

Sjovall et al. used silver deposition, by spin-coating freeze-dried cells with the metal to increase the 

ionisation efficiency of cholesterol, as silver cationized the cholesterol molecule87,71. The downside of 
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this approach is the artefacts introduced by adding silver onto the surface; in this case, the silver 

suppresses other signals, which makes it harder to observe masses for endogenous cellular markers. 

Fletcher et al. used Xenopus laevis oocytes to demonstrate the potential of sputter etches an image with 

a C60
+ at 40 keV with minimal sample preparation. The characteristics of this cell, the size and sturdiness 

facilitated the depth profiling88. However, they encountered some difficulties as it is very challenging 

to keep the beam focused and maintain enough current to allow the analysis to take place; it would have 

been beneficial to use a liquid metal ion beam to analyse and a C60
+ to sputter, as liquid ions guns are 

highy focused. This was precisely what Breinstein et al. attempted by using Bi3
+ to analyse normal rat 

kidney cells in 2007. The result was sub-cellular resolution images, which could only be achieved in 

high spatial resolution mode, sacrificing mass resolution.89 

 

 

Figure 11: Piwowar et al. organelle mapping workflow illustration.11  Here HeLa cells are depicted, but it could be applied to 

any cell line. Using centrifugation and affinity pull-down, the organelles are separated after cell lysis. These separate organelle 
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enriched fractions could then be analysed using ToF-SIMS and an organelle mass spectral fingerprint created for each of the 

different organelles. Once these profiles are created, it should be possible to correlate the organelle profile spectra with the 

spectra per pixel of the cell and therefore a reconstructed cell image based on those profiles. Reproduced with the permission 

of the publisher, John Wiley and Sons. 

 

In 2010, Piwowar et al. speculated a potential top-down approach to analysing cellular components. 

The cellular components would be enriched using organelle affinity pull-down techniques, which 

selectively enrich for the organelle of interest. These could be be analysed using ToF-SIMS, so an 

organelle MS profile could be generated, this profile could then be matched to some regions of the cell, 

potentially allowing mapping of cellular components.11 If one managed to obtain an organelle profile 

spectra similar to the one generated using this approach with the addition of the compound’s  mass, one 

would be able to determine in which organelle the compound was accumulating.  

ToF-SIMS has also been used to analyse bacteria. Thompson et al. were able to discriminate between 

vegetative bacteria and spores based on the phospholipids they identified using their custom –built 

polyatomic ion guns (Aun
+, C60

+).90 This could be invaluable in the food industry where the presence of 

bacterial spores can have potentially dangerous consequences. 

In a diagnostic application, Fletcher et al. used principal component –discriminant function analysis 

(PC-DFA) to identify different bacteria that are known to cause urinary tract infections.12 This study 

was performed using a large dataset, and the principal component analysis (PCA) allowed the bacteria 

to be grouped according to their species based only on their mass spectral profile as outlined in Figure 

12.  
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Figure 12: Principal component analysis of the entire dataset in (A) and (B).  In this experiment different bacteria can be 

grouped according to their MS fingerprint profile using PCA. PC-DFA plot of the full data set after the removal of Enterococci 

(C) and (D) shows the separation of the five different E.coli strains used in the experiment (the training set is displayed in red 

and the projected in blue).12 Reproduced with the permission of the publisher, Elsevier. 

 

It can be clearly seen in Figure 12 that the different bacteria are grouped according to their genus, in 

Figure 12A is Enterococcus  and in red in Plot B is for Escherichia coli, blue is for Proteus mirabilis 

in both Figures 12A and B, and in green for Klebsiella pneumoniae  also in both Figures 12A and B. In 

Figure 12C the  Enterococcus data was removed to emphasize the separation of the different bacteria, 

P. mirabilis (blue), K. pneumoniae (green) are still observed but Citrobacter Freundii (yellow) and 

Klebsiella Oxytoca (pink) can also be observed. Figure 11D represents only the E.coli and PC-DFA is 

able to separate the different E.coli strains used in the study. This study indicates the potential of ToF-

SIMS as a diagnostic tool. 
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This work clearly shows that ToF-SIMS and multivariate analysis can be a powerful tool when used 

together, also exemplified in a study performed by Armitage et al.91 They were able to detect subtle 

metabolomics profile changes in multicellular tumour spheroids when the spheroids were treated with 

hypoxia-inducible factor-1 (HIF-1). The changes observed correlated with HIF-1 upstream or 

downstream metabolism.  

ToF-SIMS has been used for biological applications for a relatively short period of time, in fact, as 

Lockyer points out in an insightful editorial this might only be the beginning and with instruments 

advances, hopefully, ionization efficiency, speed and mass accuracy can be improved to deliver an 

improved technique that when associated to powerful computer algorithms for data analysis can provide 

some insight into the overall biology of the system of interest and not just an answer to a particular 

question.92 

All these studies are great examples of how to creatively apply a technique with fundamental limitations 

to a new field, by using a larger single cell these groups proved that SIMS could be a useful tool to 

analyse biologics. However, the ultimate goal is still to look at more biologically relevant mammalian 

cells, requiring sub µm resolution and enhanced secondary ion generation.  

 

 

2.2) Other cell analysis techniques: Microscopy 

 

Microscopy in its various forms, is a widely used technique and the gold standard for single cell 

analysis, and is performed using a microscope. A microscope is an instrument that magnifies an object 

otherwise too small to be observed by the naked eye, generating a larger image of that object. 

Microscopes can be extremely simple, like the light microscope or complex as the electron microscope, 

and there is a huge variety of microscopes and microscopy techniques as it can be observed in Figure 

13. 
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Figure 13: Spatial resolution of biological Imaging techniques. The diagram shows the applicability of each technique across 

a variety of sizes and biological matrices. Reproduced with the permission of the publisher, Elsevier. 

Light or Optical microscopes use light as an illumination source and they can be classified in four 

different types: bright-field, dark-field, fluorescent and Phase contrast. In bright-field normally the 

specimen appears darker than the background, in dark-field the opposite happens, a bright specimen 

can be observed against a black background. In fluorescence microscopy special filters are employed 

to produce images of fluorescent light emitted from excited molecules in the specimen, this will be 

discussed further in point 2.2.1). Phase contrast relies on the difference in thickness of the specimen or 

differences in refractive index within the specimen to visualize the specimen, this is achieved by the 

phase-contrast condenser and objective.93 

Electron microscopes use electron beams in order to generate high magnification images while light 

microscopes use light waves to produce their images. Electron microscopes have a resolving power 200 

times greater that light microscopes, magnification of up to x 400000 can be generated, while the 

magnification of light microscopes is around x 2000.94 

Electron microscopes can be transmission (TEM), scanning (SEM) or both (STEM). In TEM the 

electron beam is transmitted through the ultra-thin sample, and the electromagnetic field generates a 

magnified image, this technique if often used to observed finer details within a mammalian cell such as 

organelles and bacteria. In SEM the electron beam is used to scan the surface of the sample, generating 
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an electron dispersion which is collected by the detector generating an image, this technique is often 

used to observe the surface of the specimen.94 

Microscopes can also be classified as wide-field and confocal, the main difference between these 

technique is the resolution in z, the resolution in z for a wide-field system is approximately 3 µm and 

the resolution of confocal is below 500 nm. Confocal operates on the principle of optical sectioning, or 

the ability to extract light from a single thin plane in a thicker 3D sample. This is achieved by placing 

a pinhole to only allows light from a focal plane to reach the detector reducing the noise originating 

from the light above and below, as it can be observed in Figure 14.93 

 

 

Figure 14: Confocal microscopy and wide-field microscopy.13 On the left the light path passes through the pinhole, which 

enhances the z-resolution of confocal microscopy. On the right the normal set-up of wide-field microscopy.  Image reproduced 

under the Creative Commons License (Attribution–Noncommercial–Share Alike 4.0 Unported license. 

 

There are several different microscopy modalities available, however, only the ones used for this thesis 

are discussed in further detail in this chapter.  
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2.2.1) Fluorescent microscopy 

Fluorescence microscopy is a widely used technique in biology based on the principle of luminescence, 

and it has been developed by Coons in 1945. In this technique a specimen in stained with a fluorescent 

dye, this dye absorbs light a one given wavelength (the excitation wavelength) and it emits light at a 

different wavelength (the emission wavelength). 

The labelling of certain aspects of the cell morphology is routinely used in biology in order to obtain 

insight into biological, functional and structural aspects of the cell. There is a huge variety of 

fluorophores that can be used in microscopy experiments, as the addition of these tags aids visualization 

of specimens, however not all the effects fluorescent dyes can have on a cell are known.  

Fluorescent dyes are only one part of the equation, microscopes are the other, and currently there is a 

wide range of microscopes available on the market from a simple light to a custom built multiple laser 

fluorescent microscope.  

The fluorescent tags emit light of a given wavelength when excited by incident light of a different 

wavelength; the incidence wavelength is usually slightly shorter than the emission wavelength. The 

excitation can be achieved using specific wavelength lasers or broad emission lamps.  

Figure 15 shows the basic components of a fluorescence microscope, overall the essential components 

are a light source, an objective, detectors and a camera, this can be arranged in several different 

configurations. 

Several improvements have been added over the years including the ability to visualise several sample 

planes, commonly known as slices, that allows the three-dimensional reconstruction of the image in 

confocal fluorescence microscopy.95 The addition of time-resolved fluorescence imaging allowed 

several different time-points to be acquired, overcoming the issue of only having snapshot data.96 

 

 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

53 | P a g e  
 

 

Figure 15: Fluorescence microscope basic light path schematics. There are two cubes in a fluorescence microscope, an 

excitation cube and an emission cube. In the excitation cube a dichroic mirror (DM1) directs the light from the source (bulb 

or laser) to the sample passing the emitted fluorescence to the indicators in the emission cube. B is a filter that acts as a barrier 

that prevents the excitation light to reach the detector. DM2 is a beam splitter for the emitted fluorescence light and emission 

filter (Em1 and Em2) filter out unwanted light. The fluorescence is then detected by cameras or photo multipliers (PMTs).14 

Reproduced with the permission of the publisher, CHS Press. 

 

 

More recently, two-photon excitation fluorescence microscopy has allowed deeper imaging in tissue 

and in some cases in vivo.97 This nonlinear approach produces images of optical sections by generating 

a contrast between the second and third harmonica signals, in some instances, it also generates anti-

stokes Raman scattering, this technique is able to distinguish molecules based on their vibrational 

frequency, making it a label free imaging technique.97 

In 2014 a Nobel prize in chemistry was awarded to the inventors of stimulated emission depletion 

microscopy (STED). The principle is the use of a point -scanning technique where the fluorescence spot 

from the first laser is sharpened by the stimulated emission of a second laser. This technique is currently 

one of the most used super-resolution fluorescence techniques for biological samples.15 
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The main advantage of using STED when compared with fluorescence microscopy is the improved 

resolution, Figure 16, achieved using the STED beam to scan axially quenching some of the noise 

generating in routinely used fluorescence confocal microscopy.15 This application is state of the art and 

goes beyond the diffraction limit, which was thought to be the  limit of conventional microscopy, despite 

this, conventional microscopy is still widely used due to its simplicity and availability.  

Routinely used wide field and confocal fluorescence microscopy have good spatial resolution, which 

can be calculated as a function of the wavelength divided by twice the numerical aperture of the 

microscope, which means that at a wavelength of 550 nm the spatial resolution is approximately 0.25 

µm.98 

 

 

Figure 16: Confocal fluorescence microscopy and  STED images of 40 nm fluorescent beads.15 The two images depicted are 

from the same area, however it can clearly be seen, especially in the area highlighted by the arrows a much cleared imaged 
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with improved spatial resolution. The image on top is quite blurry and undefined whilst the image at the bottom is clearer. 

Reproduced with the permission of the publisher, Elsevier. 

 

This places fluorescence microscopy in the same spatial resolution range as the highest spatial 

resolution ToF-SIMS applications. Despite this, in most cases, this ToF-SIMS imaging mode cannot be 

used as it is detrimental to mass resolution and in these situations, fluorescent microscopy can be used 

as an orthogonal technique to complement ToF-SIMS analyses. There is however, some concern and 

considerable evidence that the addition of large fluorophores to small molecules interferes with the drug 

compound absorption into cells since it changes their physical-chemical properties.99 100 

 

 

2.2.2) Tomographic microscopy 

While fluorescence microscopy typically relies on the addition of tags to generate images, label-free 

tomographic microscopy does not; it uses the difference in refractive index within a cell to create a 

pseudo-stain that can be used to identify intracellular structures. This technique is fast, label-free, non-

destructive and with spatial resolution beyond the optical diffraction limit.  

The majority of cells are transparent hence the absence of contrast in classical microscopy techniques. 

This technique uses the difference in refractive index properties in different cell components to create 

a tomographic representation on the cell. This is achieved by imaging using a 520 nm laser over a 360º 

degree rotation of the sample, obtaining a hologram from each illumination direction, therefore creating 

a 3D representation. 101 As different intracellular organelles have slightly different light propagation 

properties which result in slightly different refractive indexes, allowing the generation of 3D images in 

which those slight difference can be observed.16 

This technique combines holography with a rotational scanning, this associated with high resolution 

(200 nm) produces images that are superior to other light microscopy techniques.102 

 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

56 | P a g e  
 

 

Figure 17: The Nanolive 3D Cell Explorer Refractive Index microscope principle. Schematics of the microscope, displaying 

the different components (left). Whole blood spikes with A549 (tumour cells) (right). 16 The middle image shows the light 

image of a mixed cell population containing both peripheral blood mononuclear cells and circulating tumour cells such as 

A549 cells. The image on the right depicts the pseudo-stained obtained by the difference in refractive index of the different 

cellular components. Reproduced with the permission of the publisher, John Wiley and Sons and NanoLive. 

 

 

2.2.3) Confocal Laser scanning microscopy 

In wide-field microscopy, achieving high quality images is dependent on the thinness of the sample, 

despite this, most samples analysed are either too thick or require volume information. Confocal 

microscopy addresses this issue by applying what is known as optical sectioning. The mechanism is 

relatively simple, all the signals generated by the sample outside a given focal plane are physically 

blocked by an aperture. Furthermore, by combining optical sectioning with incremental focusing 3D 

images of tick specimens can be generated.103  

Laser confocal microscopy has exceptional spatial resolution in the z plane, hence the reason why it 

was chosen to determine defences in cell volume, as removal of the water content causes the cell to 

collapse in the z plane. The resolution of a typical laser scanning microscope is 120 nm in x and y and 

10 nm in z. The 405 nm laser and the two-photomultipliers (a standard one and a high sensitivity one) 

allowed the amplification of the signal, this results in sharper images as it can be observed in Figure 18. 

104 
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Figure 18: Laser confocal scanning microscopy. On the left is the schematics of the microscope. On the right the same image 

comparing the non-confocal and the confocal mode. As it can be observed the sharpness of the image increases in the confocal 

mode, the topology of the sample is much more detailed due to the 10 nm z resolution of this microscope.  

 

 

2.3.4) Electron microscopy 

In light microscopy, photons are the electromagnetic energy used to visualise the sample. If the sample 

features are smaller than a photon then electrons can be used to image finer subcellular details. There 

are two types of electron microscope: the transmission EM (TEM) and scanning EM (SEM). TEM is 

used for thin specimens prepared so that electrons pass through the sample and generate a projection 

image. SEM is more flexible as it allows thicker specimens to be analysed, less sample preparation is 

required as it relies on the secondary electrons emitted from the surface of the sample to generate an 

image as the primary electron gun rasters the specimen. The alternative is back scattered SEM, which 

uses the electrons that bounce off the specimen to generate an image, however due to their higher energy 

a different detector, from the one used to detect secondary ion, is required. Back scattered SEM 

generated images often produce information of the atomic composition of the specimen.  18,105 
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Figure 19: Transmission electron microscope schematics (left)17. Reproduced with the permission of the publisher, Springer-

Verlag. Pancreatic acinar cell fixed in glutaraldehide (x11,000) stained with Osmium Tetroxide.18 There is a clear contrast 

between the nucleus and the extra nuclear space. Outside the nucleus a mitochondrion (M), the endoplasmic reticulum (ER) 

and a zymogen granule (Z) can be observed. Inside the nucleus the nucleolus (nu) can be seen as well as chromatin (ch) and 

karyoplasm (k). Image reproduced under the Creative Commons License (Attribution–Noncommercial–Share Alike 4.0 

Unported license. 

 

 

2.2.5) Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a high spatial resolution microscopy technique that allows imaging 

with minimal damage to the sample. This is crucial when both microscopy and SIMS are performed on 

the same sample, it is particularly important when the specimens are extremely small such as bacteria. 

AFM is a type of scanning probe microscope first described by Binning et al. in 1986, which makes use 

of an ultra-small probe tip at the end of a cantilever. 106 The image is acquired by scanning the probe 

over a small area of the sample, measuring the force between the probe and the specimen. The probe is 

usually a small sharp pyramid shaped tip, 3 to 6 µm tall with a 15 to 40 nm end radius. 107 AFM has 
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high lateral resolution, approximately 30 nm and at least 0.1 nm in z, this means that it can be severely 

influenced by surface and environmental conditions. 

There two types of atomic interactions at different tip-sample distances, repulsion and attraction (Van 

der Waals). At very small tip-sample distances a powerful repulsive force is created between the tip and 

sample atoms due to the overlapping of the electronic orbitals, and in these conditions, the tip and the 

sample are considered to be in contact.108 

 

 

Figure 20: (A) AFM schematics19. Reproduced with the permission of the publisher, Royal Society of Chemistry. (B) Bovine 

red blood cell infected with Babesia bovis.  (C) higher magnification of image B displaying the ridge morphology of the 

bacteria. Reproduced with the permission of the publisher, John Wiley and Sons. 

 

 

AFM can be used in both non-contact and tapping mode; both are based on a feedback mechanism of 

constant oscillation amplitude. In non-contact, mode the amplitude is set at 100% of free amplitude, 

and in tapping mode, it is set to 50. Tapping mode provides the best resolution with the least sample 

damage.108 

The cantilever is used to scan over the surface and a laser beam is used to detect the cantilevers 

deflections towards, off or away from the surface, the changes are tracked using, for example, a 

position-sensitive photodiode (PSPD). As the AFM images the topology of a sample by scanning the 

cantilever over the region of interest the cantilever detects the raised and lowered area of the sample 
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surface. A feedback loop controls the height of the tip above the surface, allowing the AFM to generate 

an accurate topographic map of the sample features.108 

 

 

 

2.3) Other cell analysis techniques: High Mass resolution liquid 

chromatography tandem Mass Spectrometry (LC-MS/MS) 

 

Mass spectrometry has long been used to aid structural elucidation109. As the mass spectrometers 

evolved, researchers have realised that they could be used to analyse more complex biological 

samples110. Most disease targets are proteins and therefore having knowledge about the disease target 

and its interacting proteins is fundamental in drug discovery. In addition to this, understanding how a 

therapeutic is modulating the disease state by understanding its effects on the proteome enables 

researchers to create more effective medicines. The study of the proteome and how it changes in a 

biological system is termed proteomics. 

Genomics and transcriptomics are respectively, the study of genetic material and how that material is 

transcribed, and experiments in these fields are critical to understanding the biology that underpins drug 

discovery, as summarized in Figure 21. Despite proteomics providing answers at the disease target 

level, arguably the three combined are a very powerful tool.  Technologies to study the proteome have 

lagged behind the advances in nucleic acid research as proteins are not amplifiable, and therefore 

sensitivity is an issue. 
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Figure 21: Diagram showing the relationship between omics techniques.20 The omics techniques refer to the particular type 

of biological molecule they study. Genomics is the study of DNA (deoxyribonucleic acid), transcriptomics relates to RNA 

(ribonucleic acid), proteomics relates to the study of proteins and metabolomics is the study of metabolites and their pathways. 

A change at the DNA level may, or may not cause a change in the protein expression and metabolic changes, therefore 

understanding the whole process, and being able to pin-point changes in a disease state helps the drug discovery process. 

Reproduced with the permission of the publisher, Springer Nature. 

 

 

2.3.1) Proteomics 

The introduction of the Orbitrap concept in 200076 has truly revolutionized mass spectrometry-based 

proteomics.111 Researchers quickly realized the impact that this technology could have on their 

reasearch,112 but in order to advance the technology data searching and data mining also needed to be 

developed further resulting in the appearance of curated databases for MS-based proteomics.113  
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Figure 22: Proteomics workflow 21. After sample collection, a certain amount is processed (typically protein concentration is 

determined) the sample is then reduced, alkylated and digested with an enzyme (generally trypsin); once the proteins are 

converted to peptides the samples are typically analysed using a high mass resolution mass spectrometer in an LC-MS/MS 

configuration (ordinarily nano-LC). The data can then be proceeds using several different software both freeware and 

instrument vendor software. Reproduced with the permission of the publisher, Springer Nature. 

 

In the late 2000 the field of proteomics developed significantly, driven forward by groups such as 

Matthias Mann’s in Munich and Reudi Aebersold in Zurich114, the former developing strategies to 

increase the number of proteins identified115 and the latter moving towards  absolute quantification of 

proteins using targeted mass spectrometry116. 
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Stable-isotope labelling by amino acids in cell culture (SILAC) has allowed the decrease of false 

positive in comparative studies, when compared to label-free approaches, by combining the samples in 

a single run, the run-to-run variability, ionisation suppression and stochastic sampling is reduced.117 

Currently, genomics and proteomics studies are being combined to provide a more global view of the 

studied models.118 Furthermore, other Mass Spectrometry based omics, such as metabolomics119 (study 

of metabolites)  and lipidomics22 (study of lipids), are also now beginning to be studied with the same 

agnostic approach as proteomics. Which means that hopefully in the future large metabolomic and 

lipidomic120 data sets could be integrated with currently used genomics, transcriptomics and proteomics 

to provide an even more complete biological understanding. Nonetheless, the processing of both 

metabolomics and lipidomics121 data is very challenging as the software and databases are still in their 

infancy when compared to proteomics.122 

 

 

2.3.2) Lipidomics  

In the last few years lipidomics research has experienced a boom as can be observed in Figure 21. 

Researchers are keen to apply the learnings from proteomics to lipidomics despite significant 

challenges, as the molecular differences in lipid structure mean that a shotgun approach (as commonly 

used in proteomics) is unlikely. However, by using several different ionisation modalities, such as 

electrospray ionisation (ESI), atmospheric pressure chemical ionisation (APCI) and MALDI, a large 

part of the existing eight lipid categories and twelve lipid classes can be analysed; comprising  hundreds 

of molecular species in total.123 
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Figure 23: Plot represents the summary of all the PubMed indexed articles that mentioned lipidomics between 2000 and 

October 2017.22 There is a marked increased number of MS based lipidomics study since the year 2000, which coincides with 

the introduction of the Orbitrap technology. Reproduced with the permission of the publisher, American Chemical Society. 

 

In addition to the instrumental and data processing challenges associated with lipidomics, there are also 

sample preparation obstacles. In the quest to make lipidomics data as relevant as possible, obtaining 

data that is quantitative or at least semi-quantitative is essential. This requires the evaluation of the lipid 

extraction method used for the study (several can be used) and the potential sample pre-treatment prior 

to mass spectrometry analysis to aid detection.  

All these methodologies are summarised in Figure 24, which references all methods including the 

modified Bligh and Dyer, which was the one used in the work presented in this thesis. This method 

simultaneously extracts and partitions the sample by precipitating the proteins in the liquid layer 

between the two liquid phases (water and chloroform/methanol).124 This methodology is commonly 

used due to its speed and ease. 
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Figure 24: Plot describes the lipidomics workflow and the factors that could impact the accuracy of the workflow.23 This 

image summarizes the complex procedure required to generate good lipidomics data, along with the caveats associated to each 

step of the process. In the first step, one needs to pay particular attention to the type of samples and their storage. The extraction 

step highlights the different extraction methods in existence. The next step relates to sample pre-treatment, such a further 

purification, hydrolysis or no treatment at all. The MS part of the process highlights the different types of MS methods that 

can be used, different ionisation modalities, further separation, targeted and untargeted methods. Finally, the sample processing 

method, which should account for sample-to-sample and batch-to-batch variability, retention time drift and the use of internal 

standards. Reproduced with the permission of the publisher, Elsevier. 

 

Other extraction methods include the modified Folch method, in which a salt solution is used to aid the 

extraction125 and the Methyl-tert-butyl ether liquid extraction method (MTBE) method that is usually 

regarded as a faster and cleaner option suited for shotgun lipidomics methodologies.126 The BUME 
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method consists of a butanol-methanol extraction followed by as heptane-ethyl acetate extractions, and 

is especially suited to blood samples127. Depending on the samples type and information the researcher 

wants to obtain from the sample the extraction methodology can be changed as well as the pre-analysis 

treatment and mass spec acquisition. However, it is crucial to use the correct workflow, so the results 

are relevant and allow researchers to better understand lipid changes. Lipids have many functions 

including energy storage, cell signalling and structural integrity. It is known that lipid imbalances can 

cause disease, therefore the importance of having robust methodologies that allow further insight on the 

changes of the lipidome are important for drug discovery.23 

 

 

2.3.2) Metabolomics 

Metabolomics is the study of metabolites, which are the chemical products resulting from the body’s 

metabolic activities. External stimuli such as injury and stress change the composition and /or 

concentration of the body’s metabolites.128 

The information obtained from metabolism analysis provides integrative information regarding cellular 

function. Genetic or environmental changes have profound influences on the phenotype of a cell or 

tissue. Furthermore, many metabolite molecules are involved in more than one metabolic network, 

which increases the complexity of the analysis output.128 Despite this, thousands of metabolites can 

currently be identified in the region up to 1000 m/z and can provide insight on disease progression, 

treatment, nutrition and even environmental information. 

Metabolomics has been used since the 1970s when there were significant breakthroughs in the 

metabolomics field, mainly through the application of gas chromatography. However, the analysis was 

targeted to a few different metabolites. The addition of mass spectrometry in its various forms, ToF and 

FT-ICR analysers, brought further confidence in the metabolite identification allowing it to evolve to 

chromatography free analysis such as direct infusion and MALDI. With the addition of heavy labelled 

internal standards, the targeted MS approaches became accepted within the medical and pharmaceutical 

field. However, the hypothesis free approached lagged behind due to poor data processing options as 
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well as mass spectrometry challenges, such as low mass accuracy.129  With the development of mass 

spectrometers that routinely provide high mass accuracy, enable multiple stage MS/MS and polarity 

switching the application to expansive metabolomics studies has increased.  

In parallel, new data processing tools have emerged, such as peak alignment and detections scripts, 

blank and background subtraction, alignment of the data based on retention time, de-isotoping and 

metabolite extraction using spectral libraries.129 Regardless of these advances there are still several 

issues to overcome. This centres on the uncertainty of the metabolite identification, currently the 

identification of unknowns are made by spectral library matching allowing the probability of the 

metabolite identification to be scored. However, that score alone has no relevance to the statistical 

accuracy of the assignment, therefore several different groups are working on ways of making 

metabolomics identifications more statistically relevant.119,122  

 

 

Figure 25: Metabolomics full workflow, with pre-analytical, analytical and computational nodes.24 The pre-analytical steps 

are arguably more important that the analysis itself, as a well-designed study facilitates both the analysis and the data 

processing. The analytical step can be quite varied, using both targeted and untargeted methods as well as different sample 

preparation methodologies. The computational part of the process can be very challenging, and several different data 

processing procedures need to be undertaken before the metabolic pathway analysis can be performed. Open-access article 

distributed under the terms of the Creative Commons Attribution License (CC BY). 
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2.4) Physical and chemical properties of pharmaceutical 

compounds and ionization 

 

One of the major problems that the pharmaceutical industry face is drug attrition. If a compound 

proceeds to the clinical trial stage and fails at any point on that stage that is always associated with the 

loss of millions of pounds. The reasons why a compound fails at the clinical trials stage are very diverse 

and some cannot be anticipated, such as species specific toxicity. However, instances where inadequate 

preclinical target validation is the culprit can be prevented. For this reason, the pharmaceutical industry 

has devised some preclinical strategies, early in the drug discovery process, those are often referred to 

as the three pillars of drug discovery. 130 

The three pillars encompass the following concepts: 

Pillar 1: Exposure of the compound to the target site of action over a desired period of time. 

Pillar 2: Binding of the compound to the target, as expected for its mode of action. 

Pillar 3: Expression of the pharmacological activity commensurate with the demonstrated exposure and 

binding.131 

Essentially, the three pillars can be summarized as: is the compound getting to the target, is it binding 

to the target and is it effective? Despite the relative simplicity of the question, the ways to address these 

problems are rather complex, and in this section the different assays the pharmaceutical industry devised 

to better answer these questions are explored. One of the strategies devised was to study the compound’s 

physical-chemical properties, and use those properties to predict the behaviour of similar compounds. 

Physical-chemical properties are measured in drug discovery to help scientists decide which molecules 

have the required properties that make drugs efficacious. Lipinski et al. defined in the early 2000s that 

drug candidates should possess the following physical-chemical properties: 

 cLogP below five 

 Molecular weight below five hundred 

 Less than five hydrogen bond donors 
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 No more than five hydrogen bond acceptors 

This is now known in medicinal chemistry as Lipinski’s rule of five.132 Currently, all pharmaceutical 

companies use these rules to ensure that their drug candidates have drug-like properties. As a result 

companies put effort into measuring and calculating physical-chemical properties.  

As shown, Figure 26, the main reasons why in 1997 (date of publication) drugs failed to reach market 

were issues with ADME (adsorption, absorption, distribution, metabolism, excretion). Therefore, 

pharmaceutical companies started to invest in understanding how these properties affected a drug 

molecule, and which properties made a compound desirable. 

 

 

 

Figure 26: Pie chart depicting the reasons why pharmaceutical drugs fail to reach the market.25,26 Most drugs fail to make it 

to the market due to adsorption, absorption, distribution, metabolism and excretion issues. Lack of efficacy, animal toxicity 

and adverse effects on man are also responsible for a pharmaceutical failure to be marketed. Reproduced with the permission 

of the publisher, Springer Nature. 
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Physical-chemical properties are commonly measured or calculated in the pharmaceutical industry to 

better characterise the compounds and determine if a potential drug candidate has the physical-chemical 

properties that are desired in a pharmaceutical drug. 50,133 

The properties assessed in this study were both theoretical and empirical and are the ones currently used 

at GSK to inform drug discovery and development. The properties evaluated were: 

 Melting point 

 Chromatographic Hydrophobic Index134 (CHI) 

 Properties Forecast Index30 (PFI)  

 Partition coefficient135 logP 

 Chromatographically determined partition coefficient136 (ChromLogD) 

 Acid dissociation constant137 pKa  

 Distribution coefficient138 (LogD) 

 ChemiLuminescence Nitrogen Detector solubility139(CLND)  

 Human Serum Albumin) binding140 (HSA) 

 Retention factor) (LogK) which is the partition coefficient of a compound between the mobile 

and the stationary phase141 

 CellConc, the measurement of intracellular compound using LC-MS/MS in HeLa cells142 

 Molecular weight 

 pH 

Figure 27 depicts the difference of the in vitro and in vivo processes for a central nervous system (CNS) 

target. In vitro the only factor to take into consideration is non-specific binding, and the drug’s effect 

can or cannot be seen. On the other hand, in vivo, the compound effect is diluted by both ADME and 

Blood/Brain ratio (BBratio. ADME comprises clearance (Cl), bioavailability (F%), absorption (Abs) 

and Volume distribution (Vd) and the BBratio is affected PBB (Plasma or blood protein binding), BTB 

(Brain tissue binding), Perm (permeability across cell membranes), Pgp (P-glycoprotein, or other efflux 

transporter interaction), all these in vivo parameters have an affect in the mechanism of action (MoA) 

of a drug and its affinity for its target (pKb target affinity).27 
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Figure 27: The scheme represents the processes of drug interaction for a CNS target. 27  In vitro assays are only affected by 

non-specific binding, while in vivo assays are affected by the Blood-Brain-barrier and ADME issues.  Reproduced with the 

permission of the publisher, Taylor & Francis. 

 

Within GSK, as well as in other pharmaceutical companies, several different parameters are measured 

and calculated to ensure drugs are in the right chemical space.143 

 pKa is the aqueous ionisation constant, it is defined as the negative base-10 logarithm of the 

acid dissociation constant (Ka), and it is a measure of acid strength. The lower the pKa the 

stronger the acid, and this is key to understanding how other properties will be affected by pH. 

Around 60-70% of drugs undergo acid-base ionisation in solution, and that influences the 

compound’s binding characteristics such as permeability, lipophilicity and solubility.144 

 Log K is the retention factor; it is determined by chromatographic retention of a given drug and  

it is affected by temperature.145 

 The melting point is defined as the temperature in which a compound changes its state from 

solid to liquid at atmospheric pressure, it commonly used to assess the purity of compounds. It 

https://www.thoughtco.com/acid-dissociation-constant-definition-ka-606347
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occurs due to the fact that heat weakens intermolecular force of attraction causing instability in 

the crystal lattice. There are several different molecular properties that affect the melting point 

of a molecule, such as molecule size, shape, intermolecular forces,  humidity, atmospheric 

pressure and presence of other molecules.146 Intermolecular force or types of bonds within a 

molecule affect the melting point and stronger types of chemical bonds, such as ion-ion 

interaction, this results in higher melting points. In organic compounds their polarity and 

presence of hydrogen bonds also results in higher melting points, while molecules that display 

only weak Van der Waals forces have a relatively low melting point. The size of the molecule 

also affects its melting point; generally smaller molecules melt at lower temperature than larger 

molecules. The molecular shape also plays a role in melting point; a molecule with a compact 

pattern structure usually presents a higher melting point than an oddly shaped molecule. 

 LogP is a measurement of hydrophobicity (or by definition lipophilicity), it is defined as the 

octanol/water partition coefficient and is regarded as a gold standard for measuring partition 

(logP) or distribution (logD) of molecules.147It can be measured in the laboratory or calculated 

by software packages.148 LogP refers to intrinsic hydrophobicity, each molecule has an 

ionisable centre, and logP can only be measured when the compound has no charge. LogD, on 

the other hand, represents effective hydrophobicity of a given molecule and relates to the 

distribution of all species at a certain pH, hence it is not constant.29 

In the early 2000s, software packages for calculating ADMET properties (adsorption, absorption, 

distribution, metabolism, excretion and toxicology) based upon these principles were an integral part of 

drug discovery. However, by the mid-2000s pharmaceutical companies started to realise that predictive 

approaches were not ideal. Mannhold et al. published a study covering approximately 96,000 

compounds (206 from a public database and 95,809 from Pfizer’s proprietary database) in which they 

used several different property predictors and they showed that the accuracy of the models declined 

with the number of non-hydrogen atoms. This study also showed that the majority of the models 

produced reasonable results for the public database but for the Pfizer database only a few predictors 
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were better that the arithmetic average of LogP (AAM), for this reason scientists tried to find alternative 

methodologies.149 

CHI (chromatographic hydrophobic index) was one of those alternatives developed, it is commonly 

regarded as a measurement of hydrophobicity. It can be calculated from the retention time observed for 

a given molecule using a fast reverse-phase HPLC gradient. For the majority of compounds the CHI 

value will be between 0 and 100, this is roughly the percentage of acetonitrile necessary to achieve an 

equal distribution of compound between the mobile and stationary phase. This can be performed under 

acidic, basic and neutral conditions. It can be calculated using the following formula: 

log DpH = CHIpH × 0.0525 − 1.467 

This formula normally provides a good correlation with clog P (calculated octanol/water partition 

coefficient). Despite this, it was not widely used due to disconnects between actual values and smaller 

incremental changes versus the octanol scale.29  The re-analysis of CHI data originated a new parameter, 

chromatographic logD, which can be calculated by the following formula: 

m Chrom log DpH = CHIpH × 0.0857 – 2 

The data obtained by this calculation had a normally distributed dynamic range and good correlation 

with measured log DpH7.4.134
 

Efforts to improve the quality of the physical-chemical predictors resulted in a 31,000 compound study 

where both the Chrom Log DpH7.4 and CLND solubility were measured. The CLND solubility was 

determined by solubilising the compound for one hour, filtering the solution and assaying the filtrate 

using chemiluminescent nitrogen detection, this method quickly assessed the solubility of a compound. 

However, it is likely to overestimate it especially if the compound is highly crystalline and/or has a high 

melting point.28There was a clear correlation between CLND and the number of aromatic rings, Figure 

28. 

CLND solubility dramatically decreases with increasing number of aromatic rings of the molecule, that 

effect is clearer in compounds with two or more aromatic rings, as it can be observed in Figure 28. 
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Figure 28: Plot showing the relation between decrease in solubility and increase in the number of aromatic rings. The red 

line indicates 50 µg/mL solubility levels28 Reproduced with the permission of the publisher, Elsevier. 

 

One of the other assays devised to study the physical-chemical properties of compounds was the Human 

Serum Albumin binding assay (HSA). It is often included in the physical-chemical properties assay 

panel as it is useful to determine if a compound has a high affinity for the protein, which is often an 

indicator of the drug free fraction, which is the amount of drug available to bind to its target. Young et 

al. studied the HSA binding of 43700 compounds. In Figure 29, the correlation between Chrom 

logDpH7.4 and number of aromatic rings can be observed, Chrom logDpH7.4 in itself does not seem to 

influence %HSA binding, however when looking at both Chrom logDpH7.4 and the number of aromatic 

rings of a molecule, as it can be seen, as the number of aromatic rings increases so does the %HSA 

biding. This effect is more visible for compounds with high Chrom logDpH7.4. The binding levels were 

expressed by log K in which K= (%bound / %unbound) and higher binding levels were reported for 

compounds with high Chrom log DpH7.4. In fact, when the number of aromatic rings was included 

alongside Chrom log DpH7.4 a new parameter emerged, the Properties Forecast Index (PFI):  

PFI= [log DpH7.4 (or log P) + number of Ar]. 
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Figure 29: This figure depicts the correlation between Chrom log DpH7.4 and number of aromatic rings. The black line depicts 

PFI=7 which is the threshold that separates what is considered a potentially good drug and a bad one.29 Reproduced with the 

permission of the publisher, Elsevier. 

 

As it can be observed in Figure 29, the area above the black line shows PFI values above 7, this equates 

to high %HSA binding and high Chrom logDpH7.4, these compound characteristics are not desirable in 

drug discovery as they indicate that high protein binding is likely.29 

Physical-chemical properties, along with in vitro potency measurements, are analysed by experts and 

used to optimise a given drug’s mechanism of action. Drug efficacy is yet another parameter that can 

be calculated and informs researchers on how drug-like a molecule is and in which direction they should 

move (Figure 30) in order to place the candidate in the green risk zone. 30 

Drug efficiency is the amount of drug effectively getting to the site of action to bind with its target. It 

is traditionally measured as the proportion of an oral dose that is free in plasma, and it can be calculated 

by the equation below. 

 

 

 

Ideally a drug should have high affinity and high drug efficiency. This results in low drug dosage, 

reducing the probability of unwanted side effects.  

x100
(µg/g)Dose

(µg/mL) ConcBiophase
% DRUGEff 
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Figure 30: Plot depicting DRUG efficacy Vs affinity.27  The plots depicts the fine balance between drug efficacy and target 

affinity, any molecule with a  drug efficacy below 0.01 % has an increased risk of failing. Ideally, lead candidate molecules 

should move to the green space of the plot, to a higher drug efficacy and affinity beyond at least the 50% Receptor occupancy 

(RO) line. 

 

Despite the efforts of scientists in trying to place their lead drug candidate in the ideal chemical space 

depicted by the green zone of the plot in Figure 30 it is getting increasingly harder to get drugs into the 

market. The reasons for this are varied: 

 Misinterpretation of the rule of five. 

 Missing the drugs that do not follow the rule of five as there are precedents of drugs that do not 

follow these rules, as shown in Figure 31. 

 Harder to identify effective drugs against many of the unmet medical needs  

 Disease risk/benefit ratio. 

 Hit selection and potency hunting. 
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 Synthetic disability versus design desirability, often the molecules that fit the drug desirability 

criteria are hard to synthesize. 

 Divergent design practices, physical-chemical properties of marketed drugs have high 

variability.30 

In Figure 31, it can be observed that in general, the drugs developed overtime conformed with the first 

two statements of Lipinski’s rule of five. However, drugs developed between 2000 and 2010 (in red in 

Figure 31) are moving towards the upper limits described by Lipinski for both molecular weight and 

cLogP. Therefore, a holistic approach that balances attention between activity and physical-chemical 

properties is more likely to yield candidates that can become good drugs. 

 

 

Figure 31: The plot of mean molecular weight and cLogP values of oral drugs .30 For three different time periods (green), this 

shows that both molecular weight and cLogP have increased with time. In red, are the values for the patented compounds for 
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18 pharmaceutical companies between 2000 and 2010. In blue is the single compound patents from the same companies. 

Reproduced with the permission of the publisher, American Chemical Society. 

 

The physical-chemical properties previously discussed are distributed across the three pillars approach, 

ToF-SIMS can potentially address the problem of Pillar 1, as intracellular drug can be identified using 

this technique.5 However, it is very difficult to predict if a compound is going to be detectable using 

ToF-SIMS, especially in a complex biological matrix, such as cells and tissues. Here, the different 

physical-chemical properties of compounds are investigated in order to determine if any of them can be 

used as a predictor of ToF-SIMS ionization efficiency. 

Ionization is crucial in mass spectrometry; there are several types of ionisation, but arguably the best 

know and well characterised is electrospray ionisation (ESI).150 A relative ionization efficiency can be 

determined by comparing the ionization of two compounds, one test and one standard, and then applying 

a mathematical model to determine how compounds rank on a log scale. This was performed for ten 

organic compounds using an ion trap mass spectrometer, and it was shown that absolute ionization 

efficiency was strongly dependent on the formation of the sodium adduct. Despite this, the mathematical 

model was only applied to mono-protonated species.151 This study was extended to include sixty-two 

compounds of different chemical nature and a six order of magnitude difference was observed. The 

authors found that the two most influential parameters are pKa and the molecular volume of the 

compound.152 In this study, measurement of hydrophobicity, LogP, was deemed as not statistically 

significant. However, the value used was LogP determined in hexane, other authors that conducted 

studies in methanol and acetonitrile have identified a correlation between ionisation efficiency and 

logP.153 

These publications start to shed some light on small molecule ionisation; however, this process might 

be very different for ToF-SIMS ionisation. Unfortunately, the ToF-SIMS ionisation efficiency and 

process, in general, is not well understood, especially in biological matrices. The most comprehensive 

study done to date was by Vorng et al., who studied twenty drug molecules with different physical-

chemical properties in a biological matrix. It is important to clarify that this work was undertaken using 
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a biological model, lyophilised bovine liver tissue, and the concentration of compound used was 167 

µg/mL which is well above therapeutic doses.153 

They found that nine of the twenty drugs studied had a protonated signal in positive ion mode and four 

had a deprotonated signal in negative ion mode, while seven of them provided no signal. Most drugs 

observed in positive ion mode had a tertiary amine, and a linear correlation was observed between the 

drug’s ion yield and their LogP value. It is noteworthy that when comparing the yield of pure 

compounds and compound in a biological system, there was a considerable drop in ionization efficiency 

for drugs in matrix and it varied greatly between positive and negative mode.153  

In this thesis, it was attempted to determine which test substrate best correlates with the compound 

signal after the pharmaceutical was up taken by mammalian cells, so the preliminary feasibility study 

is a good indicator of the propensity for ionisation of a given compound. For this, in addition to the cells 

incubated with compound, four other samples were prepared: compound solubilised in 50:50 methanol: 

water (Neat), that solution spotted on a liver tissue section (tissue), same preparation as the Vorng et al. 

publication (JLV) and on a cell lysate (CL). 

 

 

 

2.5) Amiodarone and cell lines  

2.5.1) Amiodarone 

Amiodarone or 2-butyl, 3-(4-diethylaminoethoxy, 3,5- diiodo, benzoyel) benzofuran hydrochloride, is 

an anti-arrhythmia drug that came to medical use in 1962.154 It is used for the treatment of both atrial 

and ventricular arrhythmia, and it is effective in at least 80% of the patients treated.155Amiodarone 

works by prolonging the durations of the action potential of the cardiac muscle, and it is classified as a 

class III anti-arrhythmia agent, which means it is a potassium channel blocker and prolongs the 

depolarisation and repolarisation (QT interval) of the cardiac muscle. However, it also has calcium 

channel blocking properties (class IV), beta blocking properties (class II), making it also effective at 

slowing the heart rate and atrioventricular nodal conduction.  
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In addition, it has sodium blocking properties (class I), which prolongs refractoriness and slows intra-

cardiac conduction.156 Until the late 1990s amiodarone was still prescribed, and in 1998 it accounted 

for 24.1% of the total antiarrhythmia prescriptions, being especially prevalent in Latin America 

(73.8%), Europe (34.5%) and North America (32.8%).157 Currently is is only used in extreme cases, as 

it has several severe side effects, such as thyroid de-regulation and pulmonary toxicity, the latter was 

the reason why it was choosen forinclusion in this thesis, as it is known to accumulate in alveolar 

macrophages in the lung and cause patients breathing difficulties to patients. 

Clinical trials, especially the European Myocardial infarct Amiodarone trial (EMIAT), published in the 

Lancet in 1997, enrolled 1486 patients (743 on the amiodarone group and 743 on the placebo group, 

Figure 25) for 21 months. Although it did not show an improvement in cardiac mortality in patients on 

amiodarone it showed that the risk of arrhythmic deaths decreases 35% in the amiodarone group.31 

 

 

Figure 32: EMIAT trial profile.31 This study, involved the treatment of patients with amiodarone and a placebo, the number 

of patients in each group was the same. The number of deaths was slightly higher on the amiodarone group, particularly due 

to the non-cardiac related deaths, which is associated with the toxicity associated to this compound, the number of non-cardiac 

deaths in the placebo group was much lower, 13 versus 18.  Despite this, in terms of arrhythmic event associated death the 

number were much greater in the placebo group when compared to the amiodarone treated group (50 versus 33) which indicates 

that amiodarone has a positive effect when treating arrhythmic events. Reproduced with the permission of the publisher, 

Elsevier. 
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This study regards amiodarone as a good treatment for antiarrhythmic conditions; it also starts to 

provide some clues in regards to amiodarone associated toxicity, as thyroid, skin and liver disorders are 

reported in the amiodarone group.31 This data prompted additional studies, and slowly the amiodarone 

associated toxicity was proved. 

Pharmacological studies revealed it has a very large volume of distribution, a low total clearance, and 

a long half-life, around 40 days.158 This pharmaceutical generally has poor bioavailability ranging from 

22 to 95 percent due to its highly lipophilic nature and the fact that it is stored in high concentration in 

fat, the liver, lungs, muscle and skin; its absorption can be enhanced when taken simultaneously with 

food. It can cross the placenta and can be measured in breast milk.159 

As it can be observed in Figure 33A the amiodarone concentration measured by LC-MS/MS in fat tissue 

is much greater than in plasma, between 10 to 100 fold. Furthermore, there is a clear correlation between 

plasma and fat tissue amiodarone concentration, as it can be observed in Figure 33B. Therefore, plasma 

concentration is an incorrect assessment of drug bioavailability as illustrated in Figure 33. 

 

 

 

Figure 33: Amiodarone concentrations measured by LC-MS/MS of fat and plasma of human patients treated with amiodarone. 

(A) showing a comparison of the concentrations in fat tissue and plasma on a Log scale. (B)Correlative plot of the plasma and 

fat concentrations.32 As demonstrated in this two plots, there is a correlation in amiodarone concentration  between plasma and 

fat tissue. However, the amount of amiodarone in fat tissue is 10 to 100 fold more concentrated, which could be expected due 

to amiodarone lipophilicity. Reproduced with the permission of the publisher, Elsevier. 
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Amiodarone treatment has many side effects: pulmonary and liver toxicity, thyroid deregulation, optic 

neuropathy, photosensitivity and skin disorders including a blue tinge.159One of the many side effects 

induced by amiodarone is thyroid dysfunction when patients are undergoing amiodarone treatment for 

an extended period of time. It is estimated that between 14 to 18% of patients undergoing amiodarone 

treatment will develop thyroid deregulation; this is mainly due to the excess of iodine these patients are 

subjected to. Approximately 10% of the molecules are de-iodinated daily; a common amiodarone dose 

ranges from 200 to 600 mg which means there is approximately 7.8 to 23.4 mg of iodine made available 

each day, that is between 50 to 100 fold the daily recommended dose of iodine.160 

 

 

Figure 34: Molecular structures of amiodarone, its metabolite, desethylamiuodarone (DEA) and the thyroid regulatory 

hormones.33 The similarity between the molecules is known to cause disturbance in T3 productions causing potential thyroid 

deregulation. Reproduced with the permission of the publisher, Oxford University Press. 

 

Amiodarone long term exposure is known to decrease the triiodothyronine (T3) production as well as 

slowing the clearance rate of thyroxine and reverse T3 in serum, causing iodine-induced 

hyperthyroidism or hypothyroidism.160 One of the other amiodarone side effects is photosensitivity and 
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skin pigmentation. Around 75% of the patients on amiodarone develop photosensitivity, this normally 

happens after four months of treatment when the cumulative amount of amiodarone is approximately 

40 g. Microscopy examination of skin from amiodarone treated patients show signs of perivascular 

inflammation. 161 In severe cases the skin can present blue-grey pigmentation, as shown in Figure 35. 

 

 

Figure 35: Amiodarone induced pigmentation in patient.34 This patient suffered from severe blue-grey pigmentation in areas 

of the skin exposed to the sun caused by long term amiodarone treatment. It is thought that this hyperpigmentation is caused 

by dermal lipofuscinosis, as lipofuscin accumulates in dermal macrophages; this was hypothesised as amiodarone is known to 

cause lysosomal damage. Fitzpatrick's Color Atlas & Synopsis of Clinical Dermatology Klaus Wolff, Richard Allen Johnson, 

Dick Surmount Copyright 2005, 2001, 1997, 1993 by The McGraw-Hill Companies. All Rights reserved. 

 

The drug induced hyper-pigmentation hypothesis was confirmed using LC-MS/MS where the drug and 

its metabolite were identified at a concentration ten times higher in areas where hyper-pigmentation 

was observed relative to normal areas of the skin.34,162 Photosensitivity decreases and ceases 4 to 12 

months after the withdrawal of amiodarone.161 

One of the other side effects of amiodarone therapy, perhaps the most serious of all, is pulmonary 

toxicity. The clinical features associated with this condition are often cough,  dyspnea, hypoxemia, 

leukocytosis, elevation in the erythrocyte sedimentation rate, accumulation of foamy macrophages in 
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the alveolar spaces and decreased lung function test results.163 There are often radiologic findings in 

these patients, and they are consistent with diffuse interstitial and patchy peripheral alveolar infiltrates 

mainly associated with the upper lobes. This can then progress into chronic organising pneumonia, 

acute fibrosis of the lung and acute lung injury associated with acute respiratory distress 

syndrome.164Common pathological findings associated with this condition can be observed in Figure 

36.35 

 

 

Figure 36: Amiodarone associated pathological finding, arrows point to examples of each event, in (A) two foamy 

macrophages, in (B) two areas of membrane proliferation and  (C) two areas of interstitial fibrosis.35 Reproduced with the 

permission of the publisher, Pioneer Bioscience Pub. Co. 

 

Approximately 5% of patients that were treated with amiodarone for long periods of time develop a 

lung related toxicity.165 The condition is so common that is now referred as Drug Induced Interstitial 

Lung Disease (DILD) but its manifestations are extremely varied, ranging from benign infiltrates to life 

threatening acute respiratory distress syndrome. As it more commonly occurs in older patients these 

patients are no longer prescribed amiodarone as the negative side effects surpassed the benefits in most 

cases; DILD is very difficult to diagnose if an accurate medical history was not available. Currently, 

doctors have other tools at their disposal, and in addition to the classical histology methods they also 

have serum markers that are commonly associated with these conditions, for example, and increase in 

KL-6 (Krebs von den Lungen 6) in serum points to a DILD diagnosis.166  
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There is not a clear treatment for DILD; the clinician needs to concentrate on how the DILD manifests 

and treat that condition. It is noteworthy that amiodarone is only one of 450 drugs known to cause 

DILD.167 

In addition to the complications associated with amiodarone therapy, amiodarone is known to cause 

drug interactions with other pharmaceutical compounds. The main effects are related to the kinetics of 

other commonly used cardiovascular drugs such as digoxin, quinidine, procainamide and warfarin or 

dynamic interactions with beta blockers and calcium antagonist.168,169In this study, the interest in 

amiodarone is due to the fact that this compound is known to cause phospholipidosis by inhibiting group 

XV phospholipase A2170 in macrophages. 

 

2.5.2) NR8383 cell line 

NR8383 are a rat (Sprague-Dawley) derived alveolar macrophage cell line obtained by lung lavage,171 

it is a spontaneously transformed alveolar macrophage cell line that exhibits phagocytosis properties. It 

is relatively well characterised, and it is known to have Fc receptors, interleuckin-1 secretions, respond 

to exogenous grow factors, have non-specific esterase activity and also present oxidative burst 

susceptibility.172  

The phagocytic properties were evaluated in the first study undertaken using this cell line by Helmke 

et al., who demonstrated the ability of the cells to ingest Zymosan (between 90 to 98% of the cell 

population) and phagocyte pseudomonas aeruginosa (between 50 to 80% of the cell population).  171,173 

Over the years, many studies have been conducted to determine how similar endogenous macrophages 

are to the NR8383 cell line. This cell line is commonly used in vitro to determine the pro-inflammatory 

or anti-inflammatory activity of compounds which is assessed by the secretion of cytokines or 

macrophage migration inhibitory factors.174 

NR8383 cells were further characterised by evaluating their mannose receptor expression. Mannose 

receptor expression is thought to be crucial in macrophage activity, as this transmembrane glycoprotein 

is known to bind to particulate ligands; these ligands are often pathogens, which means that mannose 

receptors expression is closely related to functional macrophages. In Lane et al. similar internalisation 
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of mannose receptor ligand horseradish peroxidise was detected by DNA analysis between NR8383 

cells, alveolar macrophages and the isolated protein.175Disease relevant interleukins (IL), such as IL-

24, are also present both in NR8383 cells and freshly collected rat alveolar macrophages.176 The 

NR8383 cell line is also a useful model of macrophages for microorganism infections and was used by 

Hino et al. to mimic tuberculosis infection in humans.177 

For the study presented in this thesis the potential use of the NR8383 cell was assessed as a means of 

investigating the affects amiodarone has in vitro in alveolar macrophages. This was first evaluated using 

fluorescent dyes, such as lysotracker red, to visualise the increase in cell size and lysosome number. 

The potential use of this model in ToF-SIMS was investigated as it was hypothesised that the relatively 

high levels of compound in the macrophage would facilitate compound detection. 

 

 2.5.3 HeLa cell line 

HeLa cells are arguably the most used immortalised cell line in the history of medical research. These 

cells revolutionised the medical research field as they were the first cells to be cultured successfully and 

immortalised; until then researches had to work with cells that did not survive for long in culture and 

were very heterogeneous, affecting the outcome of the experiments.178 

There have been numerous studies conducted using HeLa cells, a key one focuses on the ability of HeLa 

cells to contaminate other cells in culture due to their resilience.179 Within GSK HeLa cells are 

extensively used for a variety of assays including an assay that measures the intracellular drug 

concentration, which informs project teams about the permeability of their compounds as well as its 

intracellular distribution.142 

 

2.5.4 Hek293 cell line 

 

Hek293 cells are one of the most used cell lines in research along with HeLa and CHO (Chinese hamster 

ovary) cells.180 They were derived from human embryonic kidneys and are extensively used as a 

recombinant protein and vaccines expression tool181 and in electrophysiology.182 Despite having been 

generated in 1973 in Alex van der Eb's lab in the Netherlands,183 and being extensively used in research 
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there is not much information available on this cell line when it comes to provenance, phenotype, 

karyotype and tumorigenicity. In fact, gene expression data does not present any tissue specific 

signature and these cells express markers of renal, neuronal and adrenal glands cells.184 Nevertheless, 

this cell line is commonly used in ion channel studies as they display inducible synaptogenesis, and 

propagate neurotropic viruses, which indicates their potential neuronal lineage. Despite this, there are 

caveats to the use of these cells, as they do not provide the biochemical complexity, intricate cellular 

architecture and sub-cellular organisation that neurones provide.185–187 

 

 

 

Figure 37: Plots displaying the relative difference in gene expression of ABC transporters (A) and SLC transporters (B) in 

HeLa, Hek293, HL-6-, K562, Saos-2, Caco-2 and HepG2.36 Plot a shows that HepG2 have the most ABC transporters from 

the cells types investigated, while HeLa have the least. For SLC transporters HeLa cells again have the least amount of these 
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transporters on their membrane. Reproduced with the permission of the publisher, American Society for Pharmacology and 

experimental therapeutics. 

 

Hek293 cells are extensively used in biotechnology, as these cells are very stable and produce high 

titres of recombinant proteins. Hek293 cells are particularly useful in instances where the use of CHO 

cells is inadequate; CHO cells do not perform human glycosylation patterns due to the lack of enzymes 

such as (2–6) sialyltrans-ferase and (1–3/4) fucosyltransferases, and in addition their murine origin can 

potentially induce immugenicity due to their own glycosilation moieties.188 

Hek293 have been used in studies to determine intracellular drug concentrations using LC-MS/MS in a 

similar assay to the use of HeLa cells.189,190 These studies have been conducted in Hek293 cells as they 

are known to have low expression levels of drug transporters and drug-metabolising enzymes. The Per 

Artursson’s group, published extensively on Hek293 intracellular drug penetration, after publishing the 

study where gene expression of ABC (ATP-binding cassette) and SLC (solute carrier) transporters were 

studied.36 In this study, the gene expression levels of 36 transporters were quantified (10 ABC, 25 SLC 

and one human peptide transporter) in eight commonly used cell lines in research and the results can be 

observed in Figure 37.  

The data (Figure 37) indicates that both HeLa and Hek293 cells present a low expression level of these 

transporters and this is the reason why there were chosen for the study described in this thesis, as the 

lack of significant levels of transporters limits their effect on compound uptake into cells.  

  

 
2.5.5 HepG2 cell line 

 

HepG2 cells, a human hepatocellular carcinoma derived cell line, are commonly used as a liver model 

in toxicity studies as they are a cost effective alternative to the more biologically relevant primary 

human hepatocytes. 191  The main characteristics that make these cells an acceptable alternative to 

human hepatocytes are: stable phenotype, readily available, unlimited lifespan, epithelial-like 

morphology, fast growing, easy handling and they maintain some hepatic characteristics. The main 

hepatic functions retained by HepG2 cells relate to secretion and synthesis of plasma proteins, 
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lipoprotein transport and metabolism, glycogen and bile synthesis, insulin signalling and cholesterol 

and triglyceride metabolism.192 

Despite this, there appears to be limited expression of transporters and drug metabolising enzymes when 

compared with hepatocytes, especially in cytochrome P450 associated enzymes (CYP2D6, CYP2A6, 

CYP3A4, CYP2C9 and CYP2C19).192Costantini et al., performed a comprehensive analysis of the 

differential gene expression between HepG2 cells and human hepatocytes. Figure 38 illustrates how the 

genes are grouped according to their functions and the pie chart A depicts the genes that are up regulated 

in HepG2 cells (2646 genes) while B the down-regulated genes (3586 genes).37 

 

 

 

Figure 38: Pie charts depicting the difference in gene expression between HepG2 cells and primary hepatocytes. In (A) the 

up-regulated genes and (B) the down-regulated genes.37 Genes that are up-regulated, are genes whose expression is increased 

and down-regulated genes are genes whose expression is decreased. Reproduced with the permission of the publisher, Elsevier. 

 

In this study ingenuity Pathway Analysis (IPA) was performed to map the differential expressed genes 

to functional metabolic networks. The up-regulated genes were involved in molecular and cellular 

functions, hepatotoxicity functions, cell cycle and cell to cell signalling. The down-regulated genes are 

involved in infectious and immunological disease, lipid metabolism, energy production and small 

molecule metabolism.37Detailed proteomics studies such as the one undertaken by Geiger, et al193 could 

be performed to obtain more details about the differences between the four different cell lines chosen 

as part of this study. However, this is beyond the remit of this PhD thesis. 
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2.7) Mycobacterium 

The Mycobacterium genus comprises of over 60 species and can be separated into rapid and slow 

growers. It is characterised by possessing waxy, very thick, lipid-rich hydrophobic cell walls, which 

grow as fungus-like colonies in liquid media. Taxonomically they belong to the order Actinomycetales 

and Family Mycobacteriaceae. 

 

 

Figure 39: Mycobacteria. (A) Morphology of colonies on solid media38, Reproduced with the permission of the publisher, 

Elsevier. (B)Acid-fast bacilli (MBT) stained with Ziehl-Neelsen and extracellular material stained with Alcian Blue visualized 

at x100 magnification,  (C) SEM image  of an agglomerate of mycobacteria in exponential growth stag,e,39  (D) TEM of ultra-

thin sections of Mycobacterium tuberculosis replicating by binary fission, scale bar 200 nm.40 Images reproduced under the 

Creative Commons License (Attribution–Noncommercial–Share Alike 4.0 Unported license. 

 

Mycobacteria are aerobic, non-motile, non-spore-forming acid fast (Ziehl-Neelsen) bacilli, as it can be 

seen in Figure 39. Their cell wall is made of highly complex mycolic acid-containing long-chain 
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glycopetidolipids and glycolipids, which confers them low permeability, resulting in their resistance to 

therapeutics and disinfectants and their ability to survive in different environments.194  

The most well-known species is mycobacterium tuberculosis (MBT or MTB) which was identified by 

Robert Koch in 1882, for which he received a Nobel Prize in 1905. Tuberculosis (TB) has been claiming 

lives since around 3 million years ago195 and throughout history, overcrowding, poor hygiene and 

poverty were ideal conditions for the spread of disease and TB was endemic in Europe from the 1600s 

to the 1800s. Several epidemics during the 1800s in Europe and the 1900s in North America claimed 

thousands of lives, the disease has yet to reach its peak globally as some areas of Africa and Asia present 

extremely high disease rates.196,197 

TB is transmitted through aerosols and droplets by the respiratory route with sporadic exceptions such 

as ingestion, intrauterine and coital.198Patients with the active disease can expel MBT during sneezing, 

coughing or by talking.  

The discovery of x-rays in 1895 was crucial for TB diagnosis and the development of  a vaccine in 

1921, the BCG (Bacille Calmette-Guerin) vaccine, discovered by Albert Calmette and Camille Guerin 

at the Pasteur Institute, were crucial in controling a disease that  until the middle of the 20th century was 

untreatable. In fact, the treatment of the disease did not occur until the discovery of streptomycin in 

1944 and isoniazid, the first mycobacterial drug, in 1952. This and the introduction of rifamycins in 

1957 saw the TB rate decrease almost 6% year on year between 1953 and 1985, due both to treatment 

and prophylactic measures such as vaccination.199 

However, the decline of the TB dedicated infrastructure, as well as new epidemics as the human 

immunodeficiency virus infection and acquired immunodeficiency syndrome (HIV/AIDS), combined 

with increased immigration from counties with high TB rates contributed to a resurgence of TB in the 

US from 1986 until 2010 and the emergence of drug-resistant TB.197 The CDC (centre for disease 

control) reported that in 2016 a total of 9,272 cases (2.9 cases per 100,000 persons), a 3.6% decrease 

from the number of cases reported in 2015. Despite this, TB is the world’s leading infectious cause of 

death and the biggest infectious killer of all times.42 It is thought that one third of the world population 

has latent TB and it is estimated that TB is responsible for approximately 2.5% of all deaths in the 
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world.199 In this thesis, we will concentrate on the non-pathogenic model Bacillus Calmette-Guerin 

(BCG) M.bovis as a MBT model. 

 

 

2.7.1) Disease pathogenesis 

Pathogenesis of MBT is divided into four stages once the bacilli are inhaled and taken through the 

bronchial tree to the alveoli. The deposition of the bacilli triggers a series of immunologic events as it 

can be observed in Figure 40. 

 

 

Figure 40: The lifecycle of M.tuberculosis. Within 4 to 6 weeks of expose there is a dendritic cell or T-cell mediated immune 

response, this will lead to the elimination of the bacteria, infection, or the neutralization of the bacteria not fully killing it 

(latent TB). After years or decades, a re-infection or re-activation can occur. 41 Reproduced with the permission of the 

publisher, Springer Nature. 

 

The first stage comprises the phagocytosis of bacillus by the alveolar macrophages; if the macrophage 

is able to destroy the bacillus then no infection occurs; if the mycobacteria manage to overcome the 

macrophage's response the infection enters the following stage. 200 
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Stage two consists of replication of the bacillus inside the macrophage until it lyses and releases the 

bacilli; this then attracts circulating monocytes to the infection site that differentiate into macrophages 

and engulf the free bacilli. These macrophages are not activated and cannot destroy the bacteria, this 

leads to logarithmic replication of the bacilli within the macrophages producing what is called a 

tubercle. This can then be disseminated to the lymph nodes, kidneys, meningeal areas and posterior 

apical areas of the lungs via the blood stream.41 

In the third stage, two to three weeks after the initial infection, the immune system recovers and is able 

to respond to the infections terminating the unimpeded growth of MBT. The cell mediated immunity is 

peformed by CD4+ and helper T-cells. The activation of the T-cells occurs when these cells encounter 

MBT antigens, which allows differentiation into specific T-cells that secrete cytokines, such as tumour 

necrosis factor and interferon-γ. The release of cytokines attract the monocytes and activates them, so 

they become macrophages. These cells will then phagocyte and kill the mycobacteria, this is mediated 

by CD8+ suppressor cells. CD8+ kill the MBT laden, non-activated macrophages, this is associated with 

the formation of caseating necrotic granulomas; MBT cannot multiply in these acidic, anoxic, 

extracellular conditions.41An immunocompetent host is able to restrict this lesion with layers of 

epithelial cells to contain the lesion within, arresting the disease. However, MBT can survive dormant 

in cells for years, and only the host’s immune system can determine if it remains dormant or becomes 

active.196,201 

Stages one to three are representative of the pathogenesis of primary TB in immunocompetent 

individuals, and it tends to be self-limited and subclinical. However, in immune compromised 

individuals, the active primary infection can quickly develop into disease. 

In immunocompromised individuals, the cell-mediated immunity is weakened. Therefore, they are more 

reliant on delayed-type hypersensitivity response. Although the primary lesion is surrounded by non-

activated macrophages it is not completely segregated by epithelial cells. which can cause the 

granuloma to expand damaging lung tissue. If the host’s immunity manages to control the infection this 

will go unnoticed and the only evidence of this condition will be healed parenchymal calcifications of 

the primary infection in radiography.202 
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If the host’s immune system is not able to contain the primary infection that area can develop advanced 

pneumonia; this is commonly referred to as primary progressive TB. Furthermore, if the lympho-

haematogenous infection sites cannot be controlled multiple caseous tubercles will develop, commonly 

termed disseminated TB. HIV patients are particularly susceptible to this phenomenon due to the fact 

that HIV specifically targets macrophages and CD4+ cells.203 

The fourth and final stage of TB infection may occur months to decades after the initial infection and 

even in immunocompetent individuals TB can progress to this stage due to granuloma reactivation and 

decreased resistance to MBT. The granuloma is re-activated by its liquefaction releasing the MBT and 

the extracellular bacilli stimulate delayed-type hypersensitivity  once again causes local damage to the 

surrounding tissues.41 

 

2.7.2) TB treatment 

TB has been treated since 1952 with the discovery of Isoniazid (INH), since then, several different 

antibiotics have been used to treat the infection, such as Rifampicin (RIF), Pyrazinamide (PZA), 

Ethambutol (EMB) and Streptomycin (SM),204 as it can be observe din Figure 41. MBT is very 

susceptible to INH, the minimum inhibitory concentration (MIC) is between 0.02- 0.2 µg/mL. It enters 

the MBT wall by passive diffusion and is highly effective despite some adverse hepa and neurotoxicity. 

INH is a pro-drug that is activated by a mycobacterial enzyme KatG; drug resistance has often been 

associated with a loss of catalase and peroxidase activity, which is encoded by katG. Ser315Thr is the 

most widespread katG mutation in clinical isolates. Other genes are also associated with drug resistance 

such as ahpC and inhA. Mutations in inhA, or its promoter region(-15C→T), are often associated with 

low level resistance (MICs between 0.2 and 1 µg/mL) and mono-resistant strains, although some INH 

resistant MBT can have both inhA and katG mutations. The ahpC gene is commonly associated with an 

alkyl hydro-peroxidase reductase, which is associated with resistance to reactive oxygen and nitrogen 

intermediates.205 
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Figure 41: Mechanics of action of TB treatment. Isoniazid, Rifampin, ethambutol and Pyrazinamide are the first line of 

treatment against TB. Since some bacteria has become resistant to antibiotics such as Isoniazid and Rifampin other antibiotics 

have to be used as a second line of treatment. 42 The photo was created by Dr. Ray Butler and Janice Carr, at the CDC. The 

illustration was created by Krista Townsend, at the National Institute of Allergy and Infectious Diseases. 

 

Rifampicin was first used a TB treatment in 1972; it acts by binding to the β-subunit of RNA polymerase 

(rpoB) whose function is the transcription and expression of the MBT genes, inhibiting enzyme 

transcription resulting in the death of the bacteria. There are very few side effects in RIF therapy; it 

mainly causes minor gastrointestinal complications.206 Rifampicin MIC ranges from 0.05 to 1 µg/mL, 

and RIF resistance is commonly associated with mutations in the rpoB gene. This gene encodes the β-

subunit of RNA polymerase and the mutation changes the enzyme’s molecular conformation, which 

lowers its affinity for the drug conferring RIF resistance to the bacteria. Studies that tried to pin-point 

the region of the genome responsible for RIF resistance found that a mutation in the 81bp region of 

rpoB is found in approximately 96% of RIF-resistant MBT.207 
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Pyrazinamide (PZA) is generally used as part of a short-term antibiotic course and its main characteristic 

is the ability to inhibit semi-dormant MBT that is residing in acidic environments. Chemically, it is an 

analogue of nicotinamide and, as a pro-drug, it only becomes active after 

pyrazinamidase/nicotinamidase (PZase) converts it to pyrazinoic acid. PZA is only active at pH 5.5 and 

even in these conditions its activity is inadequate, putting the MIC range between 6.25 and 50 µg/mL. 

The side effects associated with PZA therapy are gastrointestinal upset and hypersensitivity reactions.208 

Mutations in the pncA gene cause a reduction in PZase activity. Several studies have been conducted 

demonstrating variations between geographical areas, including missense mutation, the vast majority 

of the mutations are located in amino acid residues 3–17, 61–85 and 132–142. The mutation profile of 

the pncA gene is very diverse and the origin of this diversity is still not clear. However, it is hypothesised 

it might be due to a deficiency in DNA mismatch repair mechanisms.209,210 

Ethambutol (EMB) or [dextro-2,2’-(ethylenediimino)di-1-butanol] is extremely important in TB 

treatment as it enhances the effect of other TB therapies such as aminoglycosides, rifamycins and 

quinolones. The most common side effects associated with ethambutol therapy are colour blindness, 

blurred vison, dizziness, vomiting, nausea, loss of appetite, itching, rash, swelling of the face, lips and 

eyes, numbness of limbs and breathlessness.211 EMB is a bacteriostatic agent, which mean it stops MBT 

proliferation but does not kill the bacteria. The MIC ranges from 0.5 and 2 µg/mL and it works by 

inhibiting Arabinosyl Transferase, which is responsible for the polymerisation of arabinan in the cell 

wall.212 

 

2.7.3) Mycobacterium Cell wall 

The Mycobacterium cell wall is probably this organism’s most remarkable feature. It is unique among 

prokaryotes and plays a major role in MBT virulence.  

The most distinctive feature of the MBT cell wall is its three layers of peptidoglycan, mycolic acids and 

arabinogalactan, Figure 42. This peculiar arrangement of peptidoglycan and complex lipids provides 

the microorganism with exceptional resistance to environmental stress due to its low permeability.213 
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Figure 42: MBT cell wall and its constituents. The MBT cell wall is very complex, it is made by an external sugar and protein 

rich capsule, followed by a layer of mycolic acid which is then followed by an Arabinogalactan layer. The most internal layer 

is made by peptidoglycan, it displays two types of crosslinking 4-3 and a 3-3.43Reproduced with the permission of the 

publisher, Springer Nature. 

 

Approximately 60% of the cell wall is made of long chain fatty acids, also known as mycolic acid (MA), 

they are only found in nature in Mycobacterium and Corynebacterium, and mycolic acids make up 

approximately 50% of the dry weight of the bacteria cell envelope.214 MA are strong hydrophobic 

molecules that significantly reduce the bacteria’s permeability conferring resistance to lysozyme and 
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even the oxygen radicals present in a macrophage granule. Peptidoglycan is made of β-(1,4)-linked 

alternating sugar units of N-acetylglucosamine and N-acetylmuramic acid, and a peptide provides the 

cross linking of the N-acetylmuramic molecule.  

Mycolic acid is covalently bound to the inner most layer of peptidoglycan and arabinogalactan (AG) 

and this complex (mycolyl-arabinogalactan-peptidoglycan or PAM) is referred to as the cell wall 

core.214 The cell wall composition is complex and the upper most segment is a mixture of long and short 

fatty acid chain interspersed with proteins, phosphatidylinositol mannosides (PIMs), phthiocerol 

containing lipids, lipomannan (LM) and lipoarrabinomannan (LAM). These are thought to be signalling 

effector molecules in the disease process, as they can be solubilised when the cell wall is disrupted. 

However the PAM complex remains unchanged, which is essential for cell viability.215 

The inner membrane is more like a cytoplasmatic membrane and is its constituents are phospholipids 

such as cardiolipin, phosphatidylinositol (PI), phosphatidylethanolam (PE) and diphosphatidylglycerol 

(DPG). The space between the two membranes resembles the perisplasmic space in gram negative 

bacteria, nutrients are taken up from the surrounding environments and pass through porins and other 

channels ensuring a controlled flow between the intracellular and extracellular space.213 

The other major component of the cell wall is the cord factor, which is responsible for a serpentine like 

cording around the bacteria that is toxic to mammalian tissues and is abundantly produced in the most 

virulent strains of MBT. It is thought that cord factor stimulates the host’s NADase activity, leading to 

low levels of NAD in tissues. In addition to this, it is also thought that it has an effect on mitochondrial 

membranes compromising the mitochondrial respiratory chain and oxidative phosphorylation.215 

Wolfe et al. studied the MBT cell wall proteome and demonstrated that the cell wall is crucial in MBT 

survival and remodelling as 35% of all proteins identified are involved in small molecule metabolisms 

and 25% were responsible for macromolecule synthesis.216 The fundamental nature of the cell wall 

means that all its different aspects can be exploited as potential drug targets, illustrated in Figure 42.217 
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2.7.4) BCG an MBT model 

Bacillus Calmette-Guerin has been used since the 1930s as a TB vaccine, however, its efficacy has been 

widely discussed, both for and against. 218–221 In research, BCG has often been used as a model for 

MBT222–224  as it is closely related to the virulent mycobacterium tuberculosis. MBT is a category III 

organism and requires special safety measures to conduct research.225–227 In this study, we follow this 

approach as the facilities in which this study was conducted do not accommodate category III 

organisms. 

Mahairas et al. performed a study in which subtractive genomic hybridisation was employed to identify 

the genetic differences between the BCG and MBT. They have found that there are three distinct 

genomic regions of difference, commonly referred to as RD1, RD2 and RD3 that have been deleted 

from BCG. RD1 is a 9.5kb DNA segment that was deleted from all BCG sub-strains but conserved in 

all virulent laboratory strains of both m. bovis and m. tuberculosis. When RD1 was re-introduced to 

BCG, it supressed the expression of 10 proteins and resulted in an almost identical expression profile, 

determined by 2D- gel electrophoresis, to virulent m. bovis and m. tuberculosis suggesting RD1 

regulates virulence in MBT. RD2 is a 10.7 kb DNA segment that contains a novel repetitive element 

and the previously identified mpt-64 gene, these are conserved in all virulent clinical and laboratory 

strains but have been deleted from all sub-strains of BCG. RD3 is a 9.3 kb segment that is present in 

virulent laboratory strains of m. bovis and m. tuberculosis but were absent from BCG and 84% of 

virulent clinical isolates.228 

Further studies suggested that RD1 encoded cell wall proteins such as ESAT-6 and CFP-10 which are 

T-cells antigens. When RD1 knock-ins were inoculated into immune-deficient mice extensive 

splenomegaly and granuloma formation was observed. When immunocompetent mice were inoculated 

an increase persistence and partial reversal of attenuation was observed.229 

There are some genetic differences between BCG and MBT and, as expected, they are mainly related 

to MBT virulence. For therapy testing the initial use of BCG is sufficient as cellularly it is believed to 

be analogous to MBT. 
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There are several MBT drug targets, in this thesis we will concentrate on decaprenylphosphoryl- β-D-

ribose oxidase (DprE1). DprE1 and decaprenylphosphoryl-β-D-ribose-2-epimerase (DprE2) catalyse 

epimerization of decaprenylphosporyl ribose (DPR) todecaprenylphosporyl arabinose (DPA), which is 

an arabinose donor in the cell wall and therefore of particular interest as a drug target, as it is critical 

for the survival of the bacteria and there is no human orthologe.44 The DPA complex can be observed 

in Figure 43. 

 

 

Figure 43: Diagram of the summary of DPA synthesis.44 The DpRE1 target is part of the DPR complex and is embedded in 

the plasma membrane, while DpRe2 is part of the DPA complex. Reproduced under the Creative Commons Attribution 

License. 
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3. Experimental 

3.1) Alveolar macrophages treatment with pharmaceuticals 

Rat derived NR8383 cells were grown in F-12K Nutrient Mixture Kaighn’s Modification media (21127-

022, Gibco) supplemented with 15% Heat inactivated Fetal Bovine Serum (FBS) (10100-147, Gibco) 

for around 4-5 generations. They were then cultured using Nunc Lab-Tek II Chamber slide system 

(C6807, Thermo) at a density of 0.5 x 105 cells per mL (0.5 mL), which was measured using a Beckman 

Coulter Vi-Cell-XR (Beckman, USA).230 The cells were left to settle for 2 hours and an extra 0.5 mL 

of media was added with one of the three different compounds, so the final concentration of compounds 

was the following: 

Low concentration slide High concentration slide Amiodarone conc. gradient 

Control  

(no compound added) 

Control  

(no compound added) 

12.50 µg/mL 

5.00 µg/mL Chloroquine 10.00 µg/mL 

Chloroquine 

6.25 µg/mL 

3.13 µg/mL 

GSK2589899A 

12.50 µg/mL 

 GSK2589899A 

3.13 µg/mL 

1.56 µg/mL Amiodarone 12.5 µg/mL Amiodarone 0.78 µg/mL 

 

The incubation time was 24, 48 and 72 hours, after this, the cells were washed by gently adding 0.5 mL 

of 150 mM ammonium formate with a pipette to the side of the chamber of the chambered slide (70222-

100G-F, Sigma) three times to remove potential residual compound, so it does not interfere with the 

measurement, and also to remove salts and media components that can cause ion suppression. To 

investigate the cell morphology, cells were stained by Hematoxylin and Eosin (H&E) using the method 

outlined further down in the experimental section. Two replicates were prepared, an H&E stained, and 

a frozen-dehydrated using an adVantage wizard 2.0 bench top freeze dryer (VirTis, USA). The first to 

assess if the cells were foamy or not, and the other replicate for SIMS analysis. The compound set-up 
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displayed above was only performed once as no signal for Chloroquine (C6628, Sigma) and 

GSK2589899A (from the GSK collection) could be detected by ToF-SIMS. As a result, the following 

experiments were performed using only amiodarone (A8426-5G, Sigma) so the final concentrations of 

amiodarone were: 0.78, 1.56, 3.13 and 6.25 µg/mL. The samples used for ToF-SIMS were freeze-dried 

on the lab-tek glass substrate using a CoolSink XT 96F plate (BioCision, USA) under vacuum in an 

adVantage wizard 2.0 bench top freeze dryer (VirTis, USA) for approximately one hour, after this they 

were stored at -80ºC until they were shipped to the National Physical Laboratory or the University of 

Nottingham, as shown in Figure 44. Once the samples arrived at either of the two locations they were 

placed in the -80ºC freezer, before the analysis the samples are placed in a vacuum chamber to remove 

condensation before being placed in the instrument for analysis. All experiments were repeated at least 

three times to ensure their reproducibility. 

 

 

Figure 44: Sample preparation diagram of the ToF-SIMS workflow. The cells were plated on 4 well chamber Lab-Tek slides, 

them incubated with or without Amiodarone, once the incubation was finished they were washed three time with 150 mM 

ammonium formate solution at pH 7.4 and freeze-dried. Once the process was complete, they were kept in the -80oC waiting 

transport to the National Physical Laboratory of the University or Nottingham for analysis. Once the samples are ready to be 
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used, they were placed in a vacuum chamber to minimize surface condensation on the sample and then mounted and placed 

inside the instrument. 

 

3.2) Cell lines culture (HeLa, HepG2 and Hek 293) 

Other mammalian cell lines were cultured for the purposes of the work undertaken for this thesis. The 

other mammalian cell lines studied were HeLa, HepG2 and Hek 293. The cells were cultured from 

passage one in NunC Easy Flask 175cm2 (10246131, Thermo), unless stated otherwise. As adherent 

cells, they needed to be detached with TrypLE (12604013, Gibco), which contains trypsin to facilitate 

the detachment. After this, the cell density and viability were measured, as described in section 3.1, 

using a Vi-Cell counter. 

 HeLa cells (ATCC CCL-2) were grown in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 

(31331, Gibco) supplemented with 10%. Heat inactivated Fetal Bovine Serum (FBS) (10100-147, 

Gibco), these cells were grown from 1x105 until confluent and passaged every two to three days, up to 

a maximum of twenty passages. Hek 293 cells were grown in the same media as HeLa cells, each 

passage up to reaching confluence for the same number of passages as HeLa cells. The same applies to 

the HepG2 cell line (ATCC HB-8065). 

 

3.3)    ToF-SIMS  

Experiments were conducted using either a ToF-SIMS 4 or a ToF-SIMS 5 mass spectrometer (ION-

TOF, Munster, Germany) in a dual-beam setup with an electron gun used for charge compensation. The 

instrument was operated in two modes:  

(1) High-mass-resolution imaging mode using a Bi3
2+ analysis beam at 60 keV, and an Ar3000

+ sputtering 

beam at 10 keV in a non-interlaced mode. The primary ion beam was in the “Fast Imaging” mode with 

an approximate spatial resolution of 0.25 µm. Pulsed delayed extraction of secondary ions was 

employed for improved mass resolving power. The 3D images were collected in positive ion mode over 

a 150 μm × 150 μm surface area and 256 × 256 pixels. In each analysis phase, the Bi3
2+ ion dose was 

5.5 × 1010 ions/cm2, and an Ar3000
+ dose of 8.99×1013  ions/cm2 was used to erode the cells between 
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analysis phases. The cells were fully eroded after a total of 50 analysis-sputter cycles for the images 

presented in this thesis. Delayed extraction was applied in all instances where high-mass-resolution 

mode is referred. 

(2) Low-mass-resolution “Spectrometry” mode was used with a higher primary ion beam current to 

increase the number of cells that could be analysed (albeit with poorer but sufficient spatial resolution 

to be able to visualize the cells and being able to distinguish the nuclear region of the cells). A Bi3
+ 

analysis beam set at 30 keV and an Ar3000
+ sputtering beam at 10 keV were used for a total of 20 scans. 

The Ar3000
+ ion dose in each sputter phase was twice of that above so that the total Ar3000

+ ion dose was 

similar between the two experiments. 

The data analysis was performed using SurfaceLab (ION-TOF, Munster, Germany) (version 6.5). The 

data processing for the low-resolution mode experiment was performed by defining each individual cell 

as a region of interest and processing the dataset to obtain the total amiodarone molecular ion intensity.  

 

3.4)     Hematoxylin & Eosin (H&E)231  

H&E is considered as the routine stain in microscopy and uses two separate dyes, hematoxylin stains 

the nuclear chromatin (dark purple) and eosin stains the collagen in the cytoplasm (red/ pink)232.  

The cells were fixed for five minutes with 4% Parafix solution (PRC/R/38, Pioneer Research 

Chemicals), rinsed in water, Harris ‘modified haematoxylin (HHS32-1L, Sigma) solution was added 

for thirty seconds and rinsed again with acidic alcohol (56694-100ML-F, Sigma). Following this the 

samples were rinsed with water and Eosin (HT110232, Sigma) counter stain was added for up to fifteen 

seconds, sample rinsed with water followed by 100% ethanol (51976, Sigma) and then mounted with 

DPX mountant for histology (06522-100ML, Sigma), with a drop per well. 

 

3.5)    Fluorescence microscopy  

The cells were cultured and incubated as described in 3.1. For the higher resolution confocal 

fluorescence microscopy the staining was performed using Lysotracker red (L7528, Life technologies) 
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at 75 nM for thirty minutes to stain the lysosomes and 4',6-Diamidino-2-Phenylindole, Dihydrochloride 

(DAPI) to strain the nucleus using Fluoroshield mounting media with DAPI (F6057, Sigma Aldrich).  

For the high throughput fluorescent microscopy experiment, the cells were grown using the conditions 

given in 3.1 with the exception that they were cultured in Greiner 96 well u-clear plate (655090, Greiner 

Bio-one). The cells were left to settle for two hours, compound added to give the final concentrations: 

Control (0 µg/mL), 0.78 µg/mL, 1.56 µg/mL, 3.13 µg/mL, 6.25 µg/mL and 12.50 µg/mL and left to 

incubate for 4, 24, 48 and 72 hours. Hoechst 33342 (H3570, Thermo) and Lysotracker Red DND-99 

(L7528, Thermo) were added so the final concentration was 4 µg/mL for Hoechst and 75 µM for 

Lysotracker red. The cells were imaged using a widefield microscope, the InCell 2000 (GE Healthcare, 

USA), with a 100x objective and 0.9 numerical aperture (NA)  the instrument set up was performed in 

accordance to the literature 233 using 358 nm excitation and 461 nm emission for Hoechst and 647 nm 

excitation and 688 nm emission for lysotracker red. At least 50 images were acquired per well and the 

data processed using Columbus software (Perkin Elmer) (version 2.7.1).234 For the freeze-dried 

experiment the samples were analysed before and after freeze-drying. The live images are not shown 

as focusing was difficult due to the semi-adherence nature of the NR8383 cell line, which means they 

were not on a single focal plane. 

 

3.6) Imaging flow cytometry 

Cells were grown under the same conditions as described in section 3.1 and incubated with amiodarone 

for 72 hours at amiodarone concentrations of 0 µg/mL (control), 0.78 µg/mL, 1.56 µg/mL, 3.13 µg/mL 

and 6.25 µg/mL. Hoechst 33342 (H3570, Thermo) and Lysotracket Red DND-99 (L7528, Thermo) 

were then added, so the final concentrations was 4 µg/mL for Hoechst and 75 µM for Lysotracker red. 

Cells were incubated for thirty minutes, physically detached from the flask using a cell scraper, washed 

three times and re-suspended in Phosphate buffered saline (PBS) (10010015, Gibco). Two thousand  

cells per concentration were sorted using an ImageStream (Millipore, USA)235 and analysed using 

IDEAS software236 (Amnis Corporation, USA) (version 2.0). Images were extracted for the side scatter, 

light microscopy, and fluorescence of the nucleus and the lysosomes. To determine the degree of 
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response of the NR8383 cell line the images were segmented using the spots guided analysis wizard, 

the two thousand acquisitions being filtered by focus and cell size to include only single cells and 

lysotraker intensity. 

 

3.7) Electron microscopy 

The electron microscopy work in this section was performed by Ian Francis at GSK. HeLa cells were 

grown as described in section 3.2 above and pelleted and freeze-dried in the same manner as the samples 

prepared for ToF-SIMS, in section 3.1. The samples were processed into Agar 100 epoxy resin 

(AGR1031, Agar Scientific). The standard EM preparation involved manually processing the sample 

by dehydrating with a graded series of ethanol followed by immersion into acetone and final epoxy 

resin infiltration. 

The samples were then embedded and polymerised (at 60oC for 24 hours), and the resulting blocks were 

sectioned at approximately 80 nm; stained with Uranyl Acetate/Lead Citrate (155, Pelco). These were 

then examined in a Hitachi H7500 (Hitachi, Japan) transmission electron microscope (TEM), operating 

at 80 kV and representative digital micrographs taken. 

 

3.8) Refractive index microscopy 

The cells were seeded at 1x105 cells/mL in 170 µm bottom 35 mm Petri dishes (Ibidi GmbH, Munich, 

Germany) and incubated with amiodarone at 3.13µg/mL for 72 hours as in section 3.1 and 3.2. The 

media was then replaced with Phosphate buffer saline for imaging (refractive index 1.337), and the plate 

was placed under the microscope on the 3D cell explorer (Nanolive SA, Switzerland). The image took 

approximately two seconds to acquire, and it was visualised in the 3D Cell Explorer software (version 

1.3). 
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3.9) Laser confocal microscopy 

Cells were prepared as in point 3.1, placed under the LEXT microscope OLS4000 (Olympus, Japan) 

and 3D measurements were performed both in bright field mode and in laser scanning confocal 

microscopy mode using a violet laser (405 nm). A 50x objective was used and 50 x 50 µm field of view 

was acquired, with 4096 x 4096 pixel, the spatial resolution was 10 nm in z and 100 nm in x-y. The 

data was analysed using OLS4000 2.1 software, provided by the microscope manufacturer. The same 

cells were then analysed using ToF-SIMS. 

 

 

3.10) Proteomics  

3.10.1) In-solution digest 

The cells were prepared as described in 3.2 in T175cm2 flasks. As before, three washes with ammonium 

formate were performed to reduce the salt content.  The number of cells was adjusted to 5x106 and re-

suspended in 200 µL of lysis buffer: 8 M urea (U5128, Sigma) with complete mini EDTA-free Protease 

inhibitor (4693159001, Roche). A total protein measurement was performed using a NanoDrop237 

(ThermoScientific), by placing 1.5 µL of the solution on the Nanodrop, the concentration value was 

determined automatically by the instrument, using the absorbance at 280 nm and the lysis buffer as a 

background. The samples were reduced using Dithiothreitol (DTT) (D0632, Sigma) at a final 

concentration of 10 mM for one hour at 37oC. The resulting free thiols were then alkylated with 

Iodoacetamide (I1149, Sigma) at a final concentration of 50 mM for one hour at room temperature in 

the dark. Subsequently, the samples were diluted four-fold in 25 mM ammonium bicarbonate to reduce 

the urea concentration to allow trypsinisation. The digestion was performed overnight at 37 oC using a 

1:25 trypsin (V5111, Promega) to total protein ratio 238. After digestion, the samples were desalted using 

StageTips before MS analysis.239 The StageTipping procedure consisted on manually cut to measure a 

Empore C18 phase disk (14-386-2, 3M), to fit a T200 pipette tip, the phase was then  pushed into the 

tip until it reached its extremity. The phase was then wet twice with 100 µL off a 50:50 mixture of 

acetonitrile (A9551, Thermo) and water (W61, Thermo) and a Technico Mini centrifuge (Thermo, UK) 
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was used to spin out the liquid. The phase was then washed twice, with 100 µL of 0.1% formic acid 

(A117010x1Amp, Thermo) in water (equilibration buffer). The sample was then loaded onto the tip and 

the liquid was spun out, the phase was then washed three times with equilibration buffer. Finally, the 

sample was eluted using 50 µL of a mixture of 0.1% Formic acid, 80% acetonitrile and 20% water 

(elution buffer). Using a Speed-Vac (Thermo, USA) the sample was dried down and re-suspended in 

20 µL of equilibration buffer. 

 

3.10.2) MS analysis 

The samples were analysed using a QExactive mass spectrometer (Thermo, USA) with an EasySpray 

nanoelectrospray ion source (Thermo, USA) coupled to an easy-nLC 1000 (Thermo, USA) fitted with 

an Acclaim PepMap 100, 75 µm x 2 cm nanoViper pre-column (164567, Thermo) and an Easy PepMap 

75 µm x 15 cm C18 (Octadecylsilane, endcapped), 2 µm, 100 Å chromatography column (ES800, 

Thermo). In both cases, the mobile phases were 0.1% Formic acid (A117010x1Amp, Thermo) in LC-

MS water (W61, Thermo) for the aqueous phase and 0.1% Formic acid in LC-MS acetonitrile (A9551, 

Thermo) for the organic phase. The injection volume was 2 µL per sample, and it was loaded with 6 µL 

of 0.1% Formic acid in water, the pre-column and the column were equilibrated with 8 µL and 6 µL 

respectively to a maximum pressure of 800 bar. The QExactive gradient time was 2.5 hrs, and the 

column temperature was set to 40oC, further details related to the gradient can be seen in Figure 45. The 

MS data was acquired using a Top 10 method using higher energy collisional dissociation HCD 

fragmentation to sequence the top 10 ions per full scan spectrum, and the instrument was set to 2% 

underfill ratio, and 3 m/z isolation window240. 
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Figure 45: Gradient profile used for proteomics nano-HPLC experiment. The plot shows the time in the x –axis and the % of 

organic on the y-axis.  The gradient increases slowly from 5 to 40% organic because the vast majority of peptides elute before 

40% organic. Hence, by slowly ramping up the amount of organic phase the peptide peaks will be well separated which also 

provides the mass spectrometer with more time for the acquisition, resulting in more identifications. Reproduced with the 

permission of ThermoFisherScientific. 

 

 

3.10.3) Data processing and Analysis 

Data analysis was performed with Thermo Proteome Discoverer software version 1.4 (Thermo Fisher 

Scientific) using SEQUEST (Thermo Fisher Scientific) and the Universal Protein Resource  (Uniprot) 

rat database as of January 2016 and its decoy, the false discovery rate was set to 1%  (only 1% of the 

positive test are false positives) and the label free quantification node, as described in Končarević et 

al.241 The Benjamini-Hochberg false discovery rate (FDR) is a powerful tool enbedded in most 

proteomics data processing software packages. It is basically applied to control the proportion of false 

positives, by adjusting the p-value in a way that limits the number of false positives that are reported as 

significant,  a 1% FDR indicates that 1% of the declared positive results are actually negative.242 
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The dataset was then further processed using Scaffold (Proteome Software Inc., Portland, OR) version 

3.6.1 where Proteome Discoverer files were imported and reprocessed using X! Tandem (The GPM, 

thegpm.org; version CYCLONE (2010.12.01.1)). Protein identifications were accepted if they could be 

established at higher than 99.9% probability and contained at least two identified peptides.  Protein 

probabilities were assigned using a software endeded in Scaffold called Protein Prophet (SourceForge, 

USA).243 The statistical analysis was performed in DESeq2244, which included  Wald test, pairwise plots 

and Principal Component Analysis (PCA).  

The Wald test is a parametric statistical test used to determine whether a certain predictor variable is 

significant or not. It rejects the null hypothesis of the corresponding coefficient being zero. The test 

consists of dividing the value of the coefficient by standard error. Pairwise plots compare each channel 

against each other in a matrix format.245 

PCA is a statistical procedure that simplifies complex datasets while simultaneously emphasising 

variation within that dataset. The data is plotted to tease out variations and a new set axis are generated, 

they are the principal components. This type of analysis is unsupervised and does not require prior 

knowledge about the samples. Closely related samples cluster together, and different samples are 

represented further apart on the plot246.  

The interaction network analysis was performed using STRING 10.0247 (Search Tool for the Retrieval 

of Interacting Genes/Proteins) which is a protein functional association networks tool developed by the 

STRING consortium which is composed by the Swiss Institute of Bioinformatics (SIB), the Centre for 

Protein research (CPR-NNF) and the European molecular biology laboratory (EMBL) that allows the 

input on protein list and outputs information about the association of those proteins. 
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3.11) LC-MS/MS lipid analysis (sample preparation, run and data 

processing)248 

The cell samples were prepared in the way described in point 3.9.1. Three flasks were prepared one as 

a control, another two dosed at 1.56 µg/mL amiodarone and left to incubate for 72 hours. The cells were 

then washed three times with 150 mM ammonium formate pH 7.4 and scraped from the flask using a 

Nunc cell scraper (179707, Thermo) to form a cell pellet. To perform the lipid extraction 1 mL of a 2:1 

mixture of chloroform (1601383, Sigma) and methanol (494291, Sigma) was added to each pellet, they 

were then left shaking at room temperature for thirty minutes. The mixture was centrifuged at 14000 

rpm for fifteen minutes, the liquid fraction collected and dried in a speed vac (Genevac, USA) until it 

reached a volume of 50 µL. The samples were analysed on a QExactive coupled to an Easy n-LC 

(Thermo USA) for sixty minutes (for method details, please refer to the annex), and the data was then 

processed using Lipid Search (Thermo, USA) (for parameters, please refer to annex). 

 

 

3.12) Quantitative LC-MS/MS 

Cells were grown using T175 flasks (Corning, USA), seeded at 1x105 cells/mL, grown until the they 

reached a density of approximately 4.7x106 and then incubated with amiodarone at a concentration of 

6.25 µg/mL for two hours. They were washed three times with ammonium formate pH 7.4 by scraping 

the cells off the flask with the first wash followed by two washes with centrifugation (five minutes at 

1500 rpm) to avoid losing cells in the washing process. They were re-suspended in 10  mL of ammonium 

formate, and the cell count was determined using a Vi-Cell XR (Beckman Coulter, USA). They were 

then pelleted and re-suspended in the appropriate volume of ProNet cell lysis buffer Tris pH 7.6 (ESI 

Source Solution, LLC, Woburn, MA) depending on the cell density. Appropriate dilutions of the cell 

lysate were performed, so the compound signal fell within the linear portion of the calibration curve 

and reserpine was used as an internal standard. The samples were analysed using an API4000 triple 

quadrupole (Sciex, USA) coupled to a Waters UPLC (Waters, UK) system fitted with an Acquity UPLC 
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BEH C18, 1.7 µm 2.1x50 mm (176000863, Waters) coupled to an Acquity UPLC BEH C18 VanGuard 

cartridge 1.7 µm 2.1x5 mm (1760003975 Waters). A gradient of 2 to 95% organic (0.1% formic acid 

in acetonitrile, the aqueous eluent being 0.1% formic acid in water) in 5 minutes, operated at a flow rate 

of 0.5 mL/min was employed. Multiple reaction monitoring (MRM) methods were created for reserpine 

and amiodarone with at least three transitions for amiodarone. The amiodarone calibration curve was 

obtained using the same amount of cell lysate as the samples to account for any ion suppression249,250.  

The assay validation showed very good sensitivity, precision and linearity with correlation efficiencies 

greater than 0.97.  

The amount of compound per cell was calculated by normalising the LC-MS/MS result to the cell count 

obtained for each sample. Each sample was run eight times and had three biological and three technical 

replicates. Therefore nine samples were analysed for each cell line in a total of seventy-two LC-MS/MS 

runs. On average the number of cells analysed per injection was approximately five thousand cells. The 

data processing was done using Analyst (Sciex). The plots were generated in Statistica 64 (StatSoft). 

 

 

3.13) Physical-chemical properties study sample preparation and acquisition   

HepG2 cells were chosen for the physical-chemical properties study as previous experiment indicated 

that they were the most appropriate for this type of study, as they appear to have greater ToF-SIMS 

signal. Furthermore, the model used by Vorng et al. was a liver paste, and the HepG2 cell line is liver 

derived cell line commonly used for drug metabolism and hepatotoxicity studies.192 

For this, in addition to the cells incubated with compound, four other samples were prepared: compound 

solubilised in 50:50 methanol: water (Neat), that solution spotted on a liver tissue section (tissue), same 

preparation as the Vorng et al. publication (JLV) and on a cell lysate (CL). 

The compound set used in chapter 4 of this thesis was a collation of drug like entities with diverse 

physical-chemical properties, the structures are given in Figure 45.  
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Figure 46: Chemical structures of the compounds used for this study and respective GSK identifiers. 

 

3.13.1) Materials 

The compounds were obtained from the GSK compound store. Reagents used were methanol (494291, 

Sigma), water (W61, Thermo), anhydrous dimethyl sulfoxide (DMSO) (276855, Sigma). All reagents 

were of MS grade purity. 

 

 

3.13.2) Sample preparation 

Compound stock solutions were made in DMSO to give a final concentration of 10 mM. The neat 

compound solution was prepared by diluting the stock solutions to 500 µM in 50:50 methanol: water 

and 1 µL was spotted on a glass slide. 

The top of tissue samples were prepared by spotting 1 µL of the neat compound solution on top of rat 

liver tissue slices. For the cell lysate homogenate, the cells were washed three times with 150 mM 

ammonium formate, spun down for five minutes at 1500 rpm, suspended in 1000 µL of water and 
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sonicated for twenty minutes. The sample protein concentration was determined, using the Nanodrop 

as described in section 3.9.1.  The mixture was then concentrated using the SpeedVac as in 3.9.1, so the 

final protein concentration was 100 µg/mL (as per Vorng publication).  The compound was added so 

the final concentration was 50 µM and 10 µL was spotted onto a chamber slide. The samples were 

freeze-dried as described in the cell sample preparation section (section 3.1). For the Jean-Luc Vorng 

(JLV) or liver paste method, this method was described in Vorng et al. Semi-empirical rules to 

determine drug sensitivity and ionisation efficiency in SIMS using a model tissue sample. 153 

 

 

3.13.3) ToF-SIMS 

Experiments were conducted using a ToF-SIMS V mass spectrometer (ION-TOF, Munster, Germany) 

in a dual-beam setup (Bi3
2+and Ar2642

+) and using delayed extraction. It was run in two slightly different 

modes: (i) For the neat compounds, compound in tissues, compounds in cell lysate and compounds in 

the JLV liver paste experiments the instrument was operated in non-interlaced mode using a Bi3
2 + 

analysis beam at 60 keV and an Ar2642
+ sputtering beam at 10 keV.  The data were collected in positive 

ion mode over a 150 μm × 150 μm surface area and 256 × 256 pixels. In each analysis phase, the Bi3
2+ 

ion dose was 2.73 × 1011 ions/cm2 (within the static limit) and an Ar2642
+ dose of 8.28×1013 ions/cm2 

was used to erode the layers between analysis phases; three scans were performed. (ii) The instrument 

was operated in the same conditions as in (i), however 30 scans were performed and the ion dose was 

2.73 × 1012 ions/cm2 for Bi3
2+ gun and an Ar2642

+ dose of 1.37×1015 ions/cm2. The data analysis was 

performed in SurfaceLab (ION-TOF, Munster, Germany) (version 6.5). Statistical data processing was 

performed using STATISTICA 64 version 12 (STATSOFT). 
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3.14) Mycobacterium bovis BCG study251 

 

3.14.1) Bacterial culture 

The three strains of m. bovis BCG, empty vector (EV), overexpressing DpRE1 (DpRE1) and GFP 

(Green Fluorescent protein) BCG were cultured in Middlebrook 7H9 (M0178, Sigma) medium 

supplemented with 10% ADC (Albumin, Dextrose, Catalase) supplement (M0553, Sigma) and 0.025% 

Tween 80 (P8074, Sigma). These cultures were left to incubate at 37ºC for approximately ten days. The 

inoculum was standardised at approximately 1x107 cfu/ml by measuring the Optical Density (OD) at 

600 nm. The culture was then diluted 1 in 100 in Middlebrook 7H9 broth supplemented with 10% ADC 

and 0.025% Tween, 100 µL of the culture was placed in Eppendorf tubes and the compound was added 

so that the concentration was 1, 10 and 50 times the Minimum Inhibitory Concentration (MIC), as well 

as a no compound control, the concentrations were 3 uM, 30 uM and 150 uM for GSK3338058A and 5 

uM, 50 uM and 250 uM for GSK2620592A.The cultures were incubated at 37ºC for two days.  

For the co-culture experiment NR8383 cells were cultured as described in point 3.1 and plated in 35 

mm cell culture dishes (81218, Ibidi) at a cells density of 1x105 the cells were left to grow so the 

confluence was between 60 and 70%. The OD at 600 nm of the GFP BCG culture was measured and 

assuming 0.1 OD is equal to 107 cfu/mL the culture was concentrated by centrifuging for 10 minutes at 

3500 rpm so the OD measured was approximately 1, therefore the density of the culture was 108 cfu/mL. 

The concentrated culture of GFP BCG was added to the plate containing the NR8383 macrophages so 

the ratio of mammalian cell to bacteria was 1:100. The co-culture was left overnight and thirty minutes 

prior to imaging Hoechst 33342 (H3570, Thermo) and Cell Tracker red (C10046, Thermo) were then 

added, so the final concentrations were 4 µg/mL for Hoechst and 3 µg/mL for the Cell Tracker red, after 

thirty minutes incubation the cells were washed three times with FluoroBrite DMEM (A1896701, 

Thermo).  

The cells were them imaged using a confocal laser microscope (CQ1, Yokogawa) using the 561 nm, 

488 nm and 640 nm channels at a laser power of 20% and a 500 milliseconds exposure. A stack was 
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acquired of 500 nm intervals (40 slices) and the maximum intensity projections image was generated 

in the CQ1 software. 

M. bovis BCG is a Biosafety level 2 organism and therefore any work needs to be performed in a 

containment class 2 laboratory. The containment level at the NPL is category 1, however as the water 

was removed from the cells, that renders then no longer active as they die during the freeze-drying 

process. 

 

3.14.2) Sample preparation  

Each sample was centrifuged for 10 minutes at 3500 rpm and washed three times with 150 mM 

ammonium formate. The pellet was re-suspended in 20 µL of 150 mM ammonium formate, and 2 µL 

was added to well slides and freeze-dried as per the same preparation conditions described earlier for 

mammalian cells (section 3.1). Letters were made on the glass slice using the Gallium ion beam (FIB) 

beam on the ToF-SIMS 5 and used as markers to allow analysis of the same bacteria in Atomic Force 

Microscopy and ToF-SIMS. 

 

3.14.3) ToF-SIMS 

ToF-SIMS V was run in high spatial resolution imaging mode using a Bi3
2+ analysis beam at 60 keV 

(ion dose was 5.5 × 1010 ions/cm2) and an Ar3000
+ sputtering beam at 10 keV in a non-interlaced mode 

(8.99×1013 ions/cm2). Pulsed delayed extraction of secondary ions was employed for improved mass 

resolving power and an approximate spatial resolution of 0.25 µm.  

 

3.14.4) OrbiSIMS 

The instrument was controlled using SurfaceLab 6.7 and the mass calibration was performed using a 

Bi3 ion bean with a 20 keV energy and a current of approximately 20 pA. Both positive and negative 

calibrations were performed on a silver (Ag) sample (ion list in the annex section). For calibrations 

purposes the OrbiSIMS helium gas pressure was changed from low to high on the instrument tab to 
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improve the ions transmission. The QE HF tune page was used to control the Orbitrap analyser for the 

calibration procedure. 

To acquire mass spectra only, the argon beam was set at 20 keV, approximately 1 pA and Ar5000
+, to 

minimize fragmentation. The electron flood gun was set to 20 eV to provide charge compensation. The 

Orbitrap was set to a resolution of 240,000 and the ion dose was approximately 1 x 1011 ions / cm2. 

The data were acquired using SurfaceLab 6.7.  To facilitate processing using the R pipeline, required 

to obtain metabolomics elucidation, the two files generated had to be separated using Thermo’s Slicer 

as Surface analysis generates two .raw files within the same file but only one of them contains the 

required data. The files were analysed using a R Pipeline that performed for each individual sample the 

following steps: file conversion from .raw to mzml, then scan alignment, followed by scan summing, 

then it would perform peak detection and modelling and finishing with the recalibration of the spectra 

using the lock masses acquired.  After this step, conducted for each individual sample, other data 

processing steps were performed across all samples, they evolved global alignment to discard retention 

time fluctuations, global peak detection and metabolite ID using the accurate mass measurement with 

up to four decimal places.   

 

3.14.5) Atomic Force Microscopy (AFM)  

AFM was performed using an Asylum Cypher AFM under ambient conditions. The cantilevers used 

were OPUS 240AC-NA with a resonant frequency of 70 kHz and a force constant of 2 N/m. 
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4. Results I: Visualization of intracellular amiodarone 

using ToF-SIMS 

 

In this chapter, the results from amiodarone incubated cells experiments are presented with the aim of 

showing that amiodarone can be detected intracellularly using ToF-SIMS. This was the first time a 

pharmaceutical drug was shown inside a mammalian cell at a physiological level and label-free using 

ToF-SIMS. Furthermore, several microscopy techniques were applied to show correlation between cell 

size, lysosomal activity and intracellular amiodarone accumulation. In order to find evidence of 

amiodarone induced biological changes in NR8383 cells, a proteomics study was performed in parallel 

with a lipidomics study to determine the effects of amiodarone on the lipid metabolism and on the 

protein expression levels. 

Three compounds were initially tested, amiodarone, chloroquine and GSK2789899A, however only 

amiodarone was detected using ToF-SIMS. Therefore, this chapter concentrates essentially on the 

effects of amiodarone in cells.  

The NR8383 cell assay had to be developed within GSK to assess cytotoxicity of the compounds at 

therapeutic doses; this was done by choosing a range of concentrations based on both the half maximum 

inhibitory concentration (IC50) and the therapeutic dose. Amiodarone is one of the compounds used in 

the assay as a positive control due to its known toxicity, which results from compound being trapped 

and accumulated in the lysosomes, which results in a high intracellular amiodarone concentration which 

should be easier to detect using ToF-SIMS than a compound that does not accumulate intracellularly.  

Amiodarone IC50 is reported to be 3.6 µM252 and the regular standard dose tends to be between 0.8-1.2 

g a day up to 10 g, followed by a maintenance dose of 0.2-0.4 g a day for all patients regardless of body 

weight or fat mass.253 However, as a lipophilic drug, amiodarone associates with fats and binds to the 

serum proteins rather than being free in serum, therefore, the serum measured amiodarone concentration 

is an inaccurate measurement of the drug in the body, and should not be correlated to therapeutic doses. 

Furthermore, in some instances amiodarone is given intravenously and the serum availability of 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

119 | P a g e  
 

amiodarone in those cases ranges from 8.604 to 19.411 mg/L254, which makes it even harder to get to 

an exact therapeutic dose. As a result, in this study a range of concentrations were tested: 0.78 µg/mL, 

1.56 µg/mL, 3.13 µg/mL, 6.25  µg/mL and 12.50 µg/mL.  

 

 

4.1) Bright field microscopy of compound incubated NR8383 cells 

Three compounds (amiodarone, chloroquine and GSK2789899) known to accumulate inside cells were 

tested as it can be observed in Figure 47. The cells were incubated, fixed, H&E stained and light 

microscopy was used to acquire images of single cells, as the foamy macrophage morphology is more 

noticeable if the cells were not confluent. 

A visually foamy state255 for the NR8383 cells is exhibited in Figure 47 after being dosed with all three  

compounds. This may be interpreted as intracellular drug accumulation.256 This state was observed  for 

the three compounds, however the only compound that was detected using ToF-SIMS was amiodarone,  

and therefore all consecutive experiments were performed using amiodarone only. 

 

Figure 47: Light microscopy image of H&E stained NR8383 macrophage cells incubated with the referred compounds at the 

concentration of 10 µg/mL for Chloroquine, and 12.50 µg/mL for amiodarone and GSK2789899A. The cells were incubated 

for 72 hours at 37oC. The scale bar is 50 µm. 
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Despite being well documented in the literature173 that amiodarone causes phospholipidosis and 

enlargement of the cell (cell becomes “foamy” in appearance), optical images were essential to 

determine the effect of various concentrations, as can be seen in Figure 48. Several mechanisms can be 

responsible for the appearance of foamy macrophages, however, amiodarone is the only study subject 

in this thesis. 

 

 

Figure 48: Light microscopy image of H&E stained NR8383 cells. The cell morphology varies as a function of time (24, 48 

and 72 hours) and amiodarone concentration (0, 3.13, 6.25 and 12.50 µg/mL). The scale bar is 50 µm. As it can be observed 

the cells increase in size as the amiodarone concentration and incubation time increases.  
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A time-course was performed using three different amiodarone concentrations and three time-points. 

The cells were fixed, H&E stained and imaged after compound incubation, as it can be seen in Figure 

48, the nucleus is the dark round structure and the cytoplasm is stained red by eosin. 

In Figure 48, the concentration and length of amiodarone incubation is evaluated. The cells have been 

incubated for 24, 48 and 72 hours, at different amiodarone concentrations: 3.13 µg/mL, 6.25 µg/mL 

and 12.50 µg/mL. The images clearly show an increase in cell size with the length of treatment as well 

as amiodarone dose. The amiodarone dose appears to have the greatest effect on cell viability, at it can 

be observed, especially for the 24 hour time-point the number of cells observed in each field of view 

decreases with the increase of amiodarone dose. At 12.50 µg/mL amiodarone is potentially cytotoxic 

to the vast majority of the NR8383 cell population, and here, the first indications of the potential 

differences in response to drug treatment within the same cell population can be observed, this subject 

will be discussed at length later in this thesis. The amiodarone effect can also be observed at the 48 hour 

time-point, as there were substantially less cells in the treated samples than the control. 

At the 72 hour time-point, for the amiodarone treated samples, potentially only cells that respond to 

amiodarone treatment were left, hence the lower variability observed for the different amiodarone 

concentration. There is a stark difference in phenotype between these cells and the control cells, as they 

appear much more enlarged and with structures that are similar to vacuoles. This type of phenotype is 

known to be characteristic of amiodarone laden macrophages, and in pathology they are colloquially 

referred to as “foamy macrophages”, as the cells appear to have foamy holes in their cytoplasmic region, 

this is however an artefact of H&E staining and live cells do not present these holes, as the lipid that 

had accumulated in the cells as a result of phospholipidosis and washed away during the H&E procedure 

only the lysosomal membranes are left behind, and that causes this characteristic appearance of  “foamy 

macrophages”. 

In order to investigate the appearance of the live cells that had been submitted to the same amiodarone 

treatment, a refractive index microscopy experiment was performed. Refractive index microscopy 

produces both bright field images and a tomographic representation of the specimens, however, in 

Figure 49 only one plane of the bright field is shown, also an increased level of detail can be observed 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

122 | P a g e  
 

when compared with a standard light microscopy. The nucleus is clearly visible for the larger cells, and 

in the cell highlighted in Figure 49B there is a clear difference between organelle dense region of the 

cell closer to the nucleus and the rest of the cell. 

 

 

 

Figure 49: Refractive index microscopy NR8383 live cells (A) control and (B) incubated with 3.13 µg/mL amiodarone for 48 

hours. The scale bar is 15 µm. As it can be observed in this image the cells are significantly enlarged, as highlighted with the 

red box, after amiodarone incubations. 

 

In Figure 49 there is a clear difference between the untreated cells in 49A and the treated cells in 49B, 

this reinforces what was already observed in H&E stained cells, that the cell size tends to increase with 

time in amiodarone treated cells. Both Figure 48 and 49, demonstrate that there is a phenotypic 

variability within this cell population, as only a sub-population appears to respond amiodarone 

treatment, as it is the case of the cell highlighted in Figure 49, this cell is considerably larger than the 

cells around it as well as the control cells. This matter is further explained in the high-throughput 

microscopy section below. 

The cytoplasmic region away from the nucleus is thought to be the area where the “holes” are observed 

in H&E stained samples, however this is not visible in live cells, as it can be observed in Figure 49. 
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To chemically investigate the same cells imaged using light microscopy, ToF-SIMS was carried out on 

frozen-dehydrated cells. This condition was chosen because it facilitates the ready handling of the 

sample in the ToF-SIMS instrument: there is no need for cold stage usage, and the analysis is faster as 

the vacuum is not affected, as it is when working with frozen-hydrated samples. 

 

 

Figure 50: Light microscopy image of H&E stained NR8383 cells doped with amiodarone before and after freeze-drying. The 

vertical scale bar is 50 µm. The black arrows demonstrate the increase in the visibility of the cellular attachment filaments 

under freeze-drying conditions.   

 

To evaluate if the process of freeze-drying changed the morphology of the cell an experiment where the 

cells were H&E stained before and after freeze-drying was conducted. As shown in Figure 50, there are 

some differences between the before (where fixing was the first stage of the process) and the frozen-

dehydrated (when fixing was performed after FD). The degree of cell disruption is not higher in the 

frozen-dehydrated cells, as the debris left on the slides is not consideraly increased when compared to 

the non-frozen-dehydrated. However, cell attachment filaments are more visible after freeze-drying 
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than the non-freeze-dried cells, as demonstrated by the black arrows in Figure 50. In addition, the stain 

in the nucleus looks less intense, as it can be observed in Figure 50 pointed out by the black arrows. 

The latter is most likely to be one of three phenomena, either the nuclear membrane has been disrupted, 

the dye does not concentrate as much, or the basic/acid interaction that happens between the DNA and 

the hematoxylin dye is somehow disrupted once the liquid content is removed from the cells, the latter 

is the most likely. 

 

 

4.2) Fluorescence microscopy of amiodarone incubated NR8383 cells  

Fluorescent microscopy was undertaken in order to confirm the results obtained by H&E staining. It 

was apparent in the H&E shown in Figure 48, that some of the cells presented signs of phospholipidosis, 

as seen by the increased cell size and “holes” in the cytoplasmic region, however it was necessary to 

prove that the size increase corresponded to an increase in lysosome formation, as that is the hallmark 

of amiodarone associated phospholipidosis. 

To determine dose dependency in the formation of lysosomes NR8383 cells were dosed with 

amiodarone at different concentrations and the lysosomes and nuclei of the cells were stained using 

fluorescent tags after 72 hours incubation. The cells were incubated with amiodarone as before at 0.78, 

1.56, 3.13, 6.25 and 12.50 µg/mL and then stained with lysotracker red, and DAPI 4’,6-diamidino-2-

phenylindole) to show the lysosome and nucleus respectively. 

In Figure 51, in the absence of amiodarone, few lysosomes were observed, but with increasing 

concentration of the compound the lysosomes became larger and occurred in higher numbers up to 3.13 

µg/mL amiodarone where the compound concentration started to impact cell viability. 
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Figure 51: Fluorescent confocal microscopy image of fixed NR8383 cells using lysotracker red to strain the lysosomes and 

DAPI to strain the nucleus. The “foamy” appearance of the macrophage cell model after 72 hours amiodarone incubation at 

different concentrations, as highlighted by the white arrow. The scale bar is 25 µm 

 

As it can be observed in Figure 51, the lysotraker signal (in red) increases with the concentration of 

amiodarone in the media, up until 3.13 µg/mL. Above this concentration, it can be hypothesised that 

the compound becomes cytotoxic. The cell viability was compromised at the 6.25 µg/mL amiodarone 

concentration and this was even more evident for the 12.50 µg/mL amiodarone incubated cells where 

it was quite challenging to find cells that had survived and were still adherent after the treatment, this 

cell line is a semi-adherent cell line and when the conditions of the cells’s environment are not ideal, 

their adherence becomes compromised. 

To confirm or refute this hypothesis, a series of high-throughput (HT) fluorescence microscopy 

experiments were performed, as the number of cells present in the field of view of the confocal 

microscope was not enough to make a thorough assessment of cell viability, a HT experiment would 
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allow the increase of the number of cells imaged and therefore provide a more confident assessment. 

The parameters were kept the same for the high throughput imaging experiment as for the experiment 

shown in Figure 51, amiodarone media concentration, number of passages the cells were in culture for 

and the number of cells per well, to account for the smaller surface area of the 96-well plate used for 

this experiment. As these cells were semi-adherent and the high throughput imaging focal plane could 

only be set during the initial set up, this assay only measured the cells adhered to the glass substrate, 

the increase in cell numbers analysed mitigated the fact that only one focal plane was used for analysis, 

this was done in the interest of time. 

 

 

Figure 52: The number of live cells determined from automated fluorescent wide-field microscopy images of NR8383 cells 

dosed with amiodarone at 0.78, 1.56, 3.13, 6.25 and 12.50 µg/mL and control. Three wells per performed per condition. The 

number of live cells was determined by counting the number of nuclei present per condition per well. Each colour/shape 

represents a different incubation time, the blue diamond represents the 4 hour time-point, the red triangle is the 24 hour time-

point, the green circle is the 48 hour time-point and the purple square represents the 72 hour time-point.  
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Figure 52 shows that the number of live cells in culture decreased as the concentration of amiodarone 

in the media increased. This was also true for the length of the incubation; the longer the cells were 

dosed with amiodarone the lower their viability was. This confirmed the hypothesis formulated as a 

result of the observation of the high resolution microscopy data shown in Figure 51, that cell viability 

decreases with the increase in amiodarone concentration. 

The high throughput imaging data allowed the assessment of several parameters due to the flexibility 

of the image segmentation provided by the analysis software used (Columbus234). This software has 

machine learning capabilities and was taught to pick up features of interest, in this case the lysosomes, 

by applying the rule that all features displaying fluorescence in the red region of the spectra were 

lysosomes, as the dye used in this region of the spectra was targeted to stain lysosomes. 

The intensity of the red fluorescent dye associated to the lysosomes was also measured to assess 

phospholipidosis, the larger the lysossome occupied area within a cell the larger the intensity of the dye. 

A similar plot to the one displayed in Figure 52 was created showing the relationship of lysotracker 

intensity and the amiodarone concentration in media, showing that the lysotracker intensity increased 

with amiodarone concentration, and also with incubation duration.  However, at 12.50 µg/mL 

amiodarone becomes cytotoxic and the number of cells decreases, and it can be seen in Figure 52, this 

needs to be taken into consideration when analysing the total lysotracker intensity per well, as less 

lysotracker intensity does not necessarily mean less lysosomes, it might only mean less living cells. 

Therefore, the lysotracker intensity per well was normalized to the number of live cells, as previously 

it was established that the cell viability was affected by the length of exposure to amiodarone as well as 

the concentration of compound the cells were subjected to.  

 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

128 | P a g e  
 

 

Figure 53: Lysotracker signal per well normalised to the number of living cells in the same well for the different amiodarone 

concentrations studied (0.78, 1.56, 3.13, 6.25 and 12.50 µg/mL and control). Each colour/shape represents a different 

incubation time, the blue diamond represents the 4hour time-point, the red triangle is the 24 hour time-point, the green circle 

is the 48 hour time-point and the purple square represents the 72 hour time-point. 

 

The response for the 4 hour and 24 hour incubation times did not show substantial differences, despite 

the intensity signal being stronger for the 24 hour drug incubation. In contrast, the 48 hour and 72 hour 

time-points displayed a much higher signal response, as if incubation time was far more important than 

the concentration of amiodarone the cells were exposed to. This could be due to two different 

phenomena. One is just a result of regular macrophage accumulation; the longer the cells are exposed 

to compound the more they are going to internalise it. The other response is somewhat more complex 

than that; the hypothesis is that the increased intensity for the later time-points can somehow be 

mediated by an increasing number of macrophages responding to the treatment. The data in Figure 53, 

unfortunately, cannot shed light on the latter hypothesis, as the information only relates to intensity and 

number of cells, not the number of responsive cells, this could be addressed by analysing each cell 
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individually and determine what percentage of cells developed lysosomes upon amiodarone incubation. 

This topic is addressed later in this thesis with an imaging flow cytometry experiment. 

 

 

4.3) Effect of freeze-drying on mammalian cells 

One of the fundamental issues in ToF-SIMS sample preparation is that, in the interest of time, the vast 

majority of the experiments are run at room temperature, and therefore the samples need to be freeze-

dried. The removal of water by sublimation might affect cellular structural integrity, due to the 

formation of crystals at the time of the freezing process and their dissipation at the time of sublimation 

can cause damage to the cell wall and organelles.  

As seen in Figure 50, where H&E stained cells were imaged before and after freeze-drying, cellular 

structures such as the membrane and nucleus were kept intact, however it was difficult to assess the 

impact of freeze-drying in other intracellular organelles such as lysosomes. In order to address this 

concern, a study using fluorescent microscopy was conducted in the NR8383 cell line.  

 

 

Figure 54: Wide-field microscopy image of high throughput fluorescent microcopy of NR8383 cells incubated for 72 hours 

at 6.25 µg/mL and stained with Lysotracker red and Hoechst. The images were acquired using a wide-field microscope, the 

Incell 2000 and a x100 objective. (A) Live cells and in (B) freeze-dried cells.  



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

130 | P a g e  
 

The before and after freeze-drying images are shown in Figure 54. This data indicated that the cell 

morphology was not overly disrupted compared to live cells, as can be observed in Figure 54B the 

lysosomes and the nucleus appear defined, which indicates that they maintain their membranes’ 

integrity.   

The main benefit of high throughput fluorescent microscopy is speed, a large number of cells can be 

imaged even using a high magnification objective in a relative short period of time when compared with 

confocal microscopy, the downside is the fact that only one focal plane is taken for the whole field of 

view. This is not a problem for most adherent cell lines, however, as the NR8383 cell line is semi-

adherent, the cells appear unfocused on the live cell image, as shown in Figure 54A, however, after 

freeze-drying which results in the removal of water from the cells, they collapse and the volume 

decreases which allows the generation of clearer images. The fluorescent microscopy data also indicates 

that freeze-drying does not affect the lysosomal membrane, nuclear membrane and cell membrane, as 

disruption of any of these membranes would result in a diffuse appearance of the fluorescent dye and 

that is not the case. 

In addition to the fluorescence microscopy data and in order to check the integrity at the ultra-structural 

level, electron microscopy was also performed to further confirm the hypothesis that the freeze-drying 

process was not causing structural damage to the cells. The transmission electron microscopy image, 

shown in Figure 55, clearly demonstrated ultra-structure consistent with high quality preservation of 

the freeze-dried cells.105 The results indicated that around 95% of the cells looked viable with good 

ultra-structure including mitochondria with visible cristae as well as preserved Golgi complexes, 

glycogen and endoplasmatic reticulum. Therefore, it can be concluded that the freeze-drying process 

did not overtly affect the morphology of the cells. This provided confidence in the sample preparation 

method for ToF-SIMS chemical imaging.  

 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

131 | P a g e  
 

 
Figure 55: Transmission electron microscopy images of freeze-dried HeLa cells. (A) HeLa cells section at a direct 

magnification of 12000x. (B) HeLa cell mitochondria at 25000x direct magnification. RER indicates the Rough endoplasmatic 

reticulum feature and M the mitochondria. 

 

 

 

 

 

4.4) Imaging flow cytometry of NR8383 cells 

Imaging flow cytometry was performed to try to address the issue of amiodarone responding 

macrophages, from the imaging performed it is clear not all cells respond in the same way to compound 

treatment, and in this experiment a potential link between amiodarone concentration and biologic 

activation was investigated. For the imaging flow cytometry experiment the NR8383 cells were 

prepared as described in section 3.1 apart from the freeze-drying stage. There was little evidence in the 

literature of NR8383 activation, despite there being a panoply of studies addressing macrophage 

activation.257 It is well known and characterised that different types of macrophages and their functions 

are closely related to their mechanism of activation.258  
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Figure 56: Imaging Flow Cytometry images of NR8383 cell line when incubated with different concentrations of amiodarone 

for 72 hours. The 2000 cells per condition were fluorescently stained with the nuclear dye Hoescht 33342 (blue) and 

Lysotracker (red), which stained the lysosomes. The number and size of lysosomes increased with the treatment concentration 

(white line scale bar is equal to 10 µm). 

 

The high throughput optical microscopy conducted on amiodarone incubated NR8383 cells brought to 

light a curious observation, not all NR8383 cells accumulated amiodarone. This is illustrated both in 

Figure 48, where the H&E stains show that only some cells become enlarged and in Figure 51 where 

the lysotracker signal is not present in every imaged cell. This could be a function of time, as shown in 

Figure 53 given that there was a clear distinction in signal intensity between the earlier and the later 

time-points. However, it can be hypothesised that it might also be a function of concentration, for 

instance, by investigating further the 72 hour incubation time-point with imaging flow cytometry it was 
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observed that percentage of cells that were accumulating amiodarone for the studied concentrations, as 

it can be observed in Table 1. 

Figure 56 displays the difference in cell morphology at the different concentrations. The top row shows 

an increase in complexity of the side scatter as the concentration was increased, which is indicative of 

further complexity in cell morphology due to the increase of the number of lysosomes within the cell 

as a results of amiodarone incorporation. The lysotracker channel in red indicated an increase in 

lysosome size and numbers and the bright field images also showed an increase in cell size. 

The difference observed in Figure 56 between the different amiodarone concentrations is stark, however 

2000 cells were analysed per concentration-point and once those results were interpreted a clearer 

picture started to emerge as is can be observed in Table 1. 

 

 

Amiodarone media concentration Percentage of cells with lysotracker signal (n=2000) 

Control (0 µg/mL) 2.5 % 

0.78 µg/mL 22.7% 

1.56 µg/mL 43.0% 

3.13 µg/mL 72.1% 

6.25 µg/mL 72.2% 

 

Table 1: Lysotracker signal as a functions of amiodarone concentration in NR8383 cells using imaging flow cytometry. In 

this table the lysotracker signal is used as a surrogate for lysosome size, and therefore amiodarone accumulation. The tables 

show a clear increase of lysotracker signal with the amiodarone dose. However, once it reached 3.13 µg/mL the lysotracker 

fluorescence plateaus.  
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The percentage of cells responding to amiodarone treatment, for which the lysotracker signal was used 

as a surrogate, started at 2.5% for the control; it increased to 22.7% for the lowest concentration (0.78 

µg/mL), it almost doubled at 43% for the 1.56 µg/mL concentration, and then plateaued for the higher 

concentrations, 72.10% at 3.13 µg/mL and 72.2% at 6.25 µg/mL. 

This data provides further evidence of the dual activation mechanism that the cells underwent, which 

was depended not only on the duration of the incubation but also on the concentration of amiodarone 

the cells were incubated with. The biological meaning of this observation could be explored further, 

however, this is not the remit of the work in this thesis. 

 

 

 

 

4.5) ToF-SIMS of amiodarone incubated NR8383 cells 

In order to investigate if pharmaceutical compound used at a physiological dose could be visualised 

using ToF-SIMS, cells were incubated with amiodarone, chloroquine and GSK2789899A as described 

in section 3.1.  Neither chloroquine nor GSK2789899A could be detected using ToF-SIMS, probably 

because the intracellular concentration of these compounds was below the limit of detection of the 

instrument, due to low intracellular concentration or poor ionization efficiency of the compound, hence 

this report will focus on the analysis of intracellular amiodarone. 

Figure 57 is the composite of a two-dimensional representation of the three-dimensional data set; the 

image was pseudo-coloured for better visulization of the endogenous and exogenous species. 
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Figure 57: Composite 2D ToF-SIMS representation of a depth profile of freeze-dried NR8383 cell dosed with 1.56 µg/mL 

amiodarone on glass slides (125x125 µm3 field of view). Signal-to-noise of at least 3:1 throughout the analysis and final ion 

dose of 2.2 x1012 primary ions/cm2. The lateral resolution of this image was calculated to be 3.4 µm5 

 

 

In order to identify cellular structures, ions associated with molecules abundant in those cellular 

structures were used as can be observed in Figure 58. A SIMS secondary ion fragment unique in the 

cell to ribose, C5H5O+ (m/z 81 Da)  was selected as a nuclear marker (in red). Ribose is highly adundant 

in the nucleus forming part of the backbone of the DNA and RNA structure.170,259 The blue colouring 

represents phosphatidylcholine fragment from lipids (m/z 184 Da), and it was used as a cellular marker. 

Green corresponds to the amiodarone signal and shows the distribution of the intact molecular ion from 

the compound.  
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Figure 58: Extrated ion images of a nuclear marker in red, amiodarone in green and a cellular marker in blue of the image 

shown in Figure 57 with the signal intensity scale on the side of each image. The endogenous markers are C5H5O+ (m/z 81 Da)  

in red and phosphatidylcholine fragment from lipids (m/z 184 Da) in blue. 

 

The brightness of the colour observed in Figure 58 indicates the signal intensity; the brighter the colour, 

the more of the selected ion is present per pixel, the pixel size of this experiment was 0.5 µm2.  The data 

shows that the enlarged macrophage cell has accumulated more of the compound (green), and the 

compound is present mainly in the cytoplasm. It is also clear that the ribose signal is more concentrated 

in the nucleus but it is not exclusive to this region, DNA is ribose rich, but this molecule  is not exclusive 

to DNA, ribose is also present in RNA and proteins, which are present in the cytoplasm, hence why a 

diffuse ribose signal is observed in the cytoplams and a clearer signal is observed in the nucleus. 

Figures 57, 58 and 59 show clear evidence of intracellular amiodarone, despite this,  the signal was not 

present in the initial stage of data aquisition, the compound signal signal only became apparent after 

one sputter cycle. Figure 59 shows the mass spectrum that relates to a full depth profiling experiment 

performed on cells freeze-dried after being incubated with amiodarone at 1.56 µg/mL. 
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Figure 59: ToF-SIMS from freeze-dried cells incubated at 1.56 µg/mL amiodarone  highlighting the amiodarone [M+H]+ ion 

present in the spectra, and  at  m/z 520 an amiodarone fragment can be found and well as the isotopic patern of amiodarone on 

the insert part of the image. This is the total spectra for the data in Figure 57. 

 

The lower mass to charge region (m/z) of the spectra is typical of ToF-SIMS, rich in lower mass 

fragments. Lower abundace fragments appear between 200 and 500 m/z, at the higher molecular weight 

end of the spectra amiodarone related masses can be found, 646 m/z (amiodarone [M+H]+ ) and 520 m/z 

(amiodarone fragment). To ensure that the ions at 646 m/z is not cellular artefacts, a cell control with 

no compound was analysed to verify that there was no signal at the m/z of amiodarone, and as expected, 

no signal could be observed at 646 m/z. 

To the best of my knowledge, this was the first time an unlabelled pharmaceutical compound has been 

imaged  at physiological doses inside a mammalian cell using ToF-SIMS45. There were a few limitations 

to this experiment, such as  the fact that the cells were in the freeze-dried state, which is not entirely 

ideal as hydrated cells are far more representative of a living cell’s natural biological enviroment. 

Furthermore, the influence of the sample preparation was investigated using the optical and electron 
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microscopy experiments outlined in section 4.3) and the outcome of both those experiments suggest 

that freeze-drying does not cause damage to the cell morphology, this is crucial information as SIMS 

analysis does not have the spatial resolution to visualize such morphology changes. 

As Sjövall et al. mention in their publication, the lipid signal intensity varies with the temperature of 

the sample.87 They analysed freeze-dried mouse brain sections at different temperatures, from -130 to 

60oC  and their findings indicate that the freeze-drying procedure results in lipids moving to the surface 

of the tissue.87 Potentially, a similar phenomenon appears to be occurring in these cells, the compound 

is migrating in the vaccum similarly to the migration of the lipid species decribed in the literature,87 as 

most of the compound is observed roughly in the first third of the cell, as Figure 60 illustrates.  

 

 

 

Figure 60: ToF-SIMS amiodarone signal for five different depth slices of an NR8383 cell incubated with 1.56 µg/mL 

amiodarone for 72 hours. Laser scanning confocal microscopy results suggest that slice 2 is aproximately 200 nm deep into 

the cell, slice 5 is 500 nm, slice 10 is 1µm, slice 20 is 2 µm and slice 30 isaproximately 3 µm. Field of view of 125 x125 µm3. 
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It is noteworthy that when looking at the peak intensity values of the different slices, the second slice 

(slice 2) seems to have more amiodarone signal followed by slice five which indicates that the drug is 

inside the cell, but its localisation is probably in the upper part of the cell as previously mentioned. It 

should also be noted that the cells imaged were all semi-adherent and amiodarone uptake into the cell 

would, therefore, occur from the top of the cell. 

The laser scanning confocal microscopy results presented later in this thesis estimated that the height 

of a large freeze dried cell is aproximately 3 µm, therefore, each sputter scan is removing aproximatly 

100 nm from the sample surface, this could also be calculated based on the ion dose applied to the 

sample and the sputter rate of biological samples.  

To ensure that the experiment could be reproduced, technical and biological replicates were performed 

in triplicate. Three biological replicates were sampled in three different areas. Figure 61 shows the three 

biological replicates; the technical replicates are not shown. 

 

 

Figure 61: Processed images of the three biological replicates. The green represents the amiodarone signal, and the blue 

represents one of phosphocholine signal (86 m/z). Field of view of 125 x125 µm3. 

 

As it can be seen by the images in Figure 61, there is a high degree of inter-cell heterogeneity both in 

terms of morphology and in terms of drug uptake, hence the importance of running replicates. 

Until 2013 it was believed that in vivo the generation of new macrophages was done by the development 

from hematopoietic stem cells via bone marrow-progenitors and blood monocytes, however, now it is 

believed that they actually can self-renew by local proliferation of mature differentiated cells.261 
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The work in this thesis was performed with rat derived macrophages that have been immortalized, 

however it was possible that some of these cells are still self-renewing, this associated to the variability 

of phenotypes that can occur during a cell cycle, can account for the variability of morphology and drug 

uptake that was observed in this experiment. 

 

Figure 62: Amiodarone signal intensity for the images shown in Figure 57, which is shown indicating the regions of interest 

selected, each ROI is a cell. The spectrum shows the intensity of the amiodarone signal in counts for the four selected regions 

of interest.  

 

Figure 62 shows the difference in compound signal for the four different cells in this image, each cell 

was defined as a region of interest (ROI) and the amiodarone signal was expressed in the spectral area 

in counts. The data demonstrates that within the same cell population there are different phenotypes, 

the cell in ROI 1 is at least four times the size of the other cells present in ROI 2 and 3, these cells 

appear to be similar in size, and ROI 4 represents a cells that is either dividing or poly-nucleated. Despite 

this, the amiodarone signal for the cell in ROI 1 is 10 times higher than the signal of the other ROIs, 

this supports the argument of intracellular compound accumulation.  

As previously demonstrated in the imaging flow cytometry section, not all the cells respond to the 

amiodarone treatment, therefore not all cells start to accumulate amiodarone despite its presence in the 
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extracellular media, and that can be seen for ROI 2, 3 and 4, despite the amiodarone being present 

intracellularly the signal is much lower that the signal observed for ROI 1. 

The HT fluorescence imaging experiment allowed to ascertain that the lysotracker signal increased with 

increasing amiodarone concentration and incubation time (Figure 53). The lysotracker signal was used 

as a surrogate for amiodarone accumulation as the compound is known to accumulate in the lysosome 

increasing their size as well as the cell’s overall size262. ToF-SIMS allowed the verification of this 

hypothesis, if the surrogate measurement was indeed correct, the objective was to determine if an 

increase in cell size was an indicator of a higher amiodarone signal in ToF-SIMS as hypothesised.   

 

 

Figure 63: Plot comparing amiodarone signal obtained by ToF-SIMS on the y-axis with amount dosed on the x-axis (dose: 

0.78, 1.56, 3.13 and 6.25 µg/mL). One replicate was performed for each concentration, except for 1.56 µg/mL for which three 

replicates where performed, the compound incubation time was 72 hours. 

 

The correlation between the amiodarone signal observed in counts in the ToF-SIMS measurement and 

the amiodarone present in the growth media is shown in Figure 63. The data indicates that the higher 

the compound concentration in the extracellular media the greater the amiodarone uptake by the cells. 

The response appears to be linear (R2=0.91), however, replicates were only acquired for one of the 

concentrations studied and there was some variability between the replicates. This was also made 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

142 | P a g e  
 

evident by observing Figure 61 and 62, therefore, the ToF-SIMS signal cannot singularly be an 

indication of the phospholipidic state of the cell, a correlation of cellular size and amiodarone intensity 

would be more meaningful. This point will be addressed further in the next chapter, as cell to cell 

variability and the central limit theorem is discussed.  

 

 

4.6) Correlative ToF-SIMS and scanning laser confocal microscopy of 

amiodarone incubated NR8383 cells 

In general, an increase in compound concentration and incubation time can cause phenotypic changes 

to the cell. Hence it can be hypothesised that the larger the cell the greater the level of lysosomal trapping 

and therefore the higher the concentration of amiodarone inside the cell. This hypothesis can be tested 

by measuring cell sizes, using a high resolution confocal laser scanning microscope and then analysing 

those same cells using ToF-SIMS. 

 

 

Figure 64: Confocal microscopy (LEXT by Olympus) of NR8383 cells incubated with 1.56µg/mL amiodarone. This technique 

allows the determination of the volume of the cells, these cells were then analysed using ToF-SIMS. (A) Light microscopy 

image; (B) Image generated by the laser confocal microscope (LEXT, colour scale from 0 to 5 µm) and (C) ToF-SIMS depth 

profile dataset of the cells seen on the confocal microscopy image, the larger image shows the amiodarone signal and the insert 

shows the total ion image. Scale bar is 15 µm. 
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The frozen-dehydration procedure affects the cell morphology in z; as the water content was removed 

the cell collapsed and became flattened. The data shown in Figure 64 allows the correlation between 

cell volume, obtained using the confocal laser microscope and amiodarone intensity obtained from the 

ToF-SIMS measurement. The data generated by the confocal laser microscope and ToF-SIMS could 

then be plotted to see if a correlation between the two variables can be determined. 

The data in Figure 64 is shown in Figure 65 as a plot, correlating cell volume to ToF-SIMS amiodarone 

signal, as well as a 3D representation generated by the confocal laser microscope. For this image the 

cell size and amiodarone signal intensity were well correlated with a r2=0.99, showing that the higher 

the amiodarone intensity, the larger the cell.  

As it can be observed in Figure 65 there is almost 40-fold variance in cell size within this cell population 

(the four cells in Figure 65). This variance in cell size was previously observed in the fluorescence 

microscopy work described earlier in this chapter. This variability in cell size is also evident in the ToF-

SIMS data, as it can be observed in Figures 57 and 61. 

In order to determine if the uptake of compound into the cell was influenced by the amiodarone 

concentration in the growth media, and if that effect could be detected by ToF-SIMS, the cells were 

cultured in triplicate at three amiodarone concentrations (6.25, 3.13 and 1.56 µg/mL) they were then 

freeze-dried and confocal laser microscopy was performed prior to the ToF-SIMS experiment, the same 

cells were analysed using both techniques, despite challenges in localizing the same cells for the ToF-

SIMS experiment (Figure 64). This was performed in rudimentary fashion, by using a marker pen under 

the area sampled after confocal laser microscopy, and choosing for analysis areas of the sample where 

the shapes created by the cells were easily identifiable. 
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Figure 65: (A) Correlation between ToF-SIMS amiodarone signal intensity and cell volume for the cells, measured using laser 

confocal microscopy in Figure 64, in NR8383 cells incubated with 1.56µg/mL amiodarone. (B) Three-dimensional 

representation of the data shown in Figure 64. 

 

 

In Figure 65 the plot shown relates to a particular replicate, in Figure 66 all replicates and concentrations 

are plotted. In the plot shown in Figure 65 the ToF-SIMS counts were normalized to the cell volume, 

and then plotted according to the concentration of amiodarone present in the incubation media, three 

replicates were performed per amiodarone media concentration. Figure 66 shows that for the 1.56 

µg/mL amiodarone incubation concentration the variability observed between the three replicates was 
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high, up to a 3-fold change within the same cell population, this might be explained by an extremely 

heterogeneous population size and amiodarone incorporation. This suggests that this cell group was 

comprised of both small cells with low amiodarone signal and large cell with large amounts of 

intracellular amiodarone.  

The variability in the data for the 3.13 µg/mL amiodarone concentration is much tighter, which probably 

hints at a more homogeneous population, the relatively low spread in the cell variability suggests that 

potentially the sampled cells were all around the same size, and no “foamy macrophages” were present 

in the field of view. Furthermore, the amount of amiodarone per pL of cell was much lower than for the 

1.56 µg/mL amiodarone concentration, this data was unexpected the amount of amiodarone per pL of 

cell (intracellular amiodarone) should in theory tie with the concentration of amiodarone in the media 

(extracellular amiodarone). 

 

 

Figure 66: Amiodarone signal obtained by ToF-SIMS measurement normalized to the cellular volume obtained by confocal 

laser microscopy plotted against the amiodarone concentration in the incubation media. In this plot three replicates were 

performed for the following amiodarone concentration 1.56, 3.13 and 6.25 µg/mL.  The square in the box plot show the media 

value, and the whiskers show the upper and lower extremes of the data set. 
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At 6.25 µg/mL amiodarone concentration point there was some variation in the data but not as much as 

the one observed for the 1.56 µg/mL amiodarone concentration, which means that at this concentration 

most cells incorporated amiodarone and their size increased due to that incorporation. The data shown 

in Figure 66 indicates that the variability observed cannot be only related to the cell cycle stage.261 There 

is evidence that cells incorporate amiodarone differently and that could be a result of their activation 

stage, more active cells incorporated more compound and increased in size, and some did not 

incorporate compound, as they were not as active. 

In summary, a high amiodarone signal observed in larger cells may be associated to phospholipidosis, 

but a low amiodarone concentration in the culture media did not always result in low amiodarone signal 

measured in ToF-SIMS, as individual cells accumulated relatively high levels of the compound. Despite 

this, a higher amiodarone concentration in the growth media generally resulted in a higher intensity in 

the ToF-SIMS signal. 

 

 

4.7) Proteome profiling of amiodarone incubated NR8383 cells 

The fluorescent microscopy data (section 4.2) suggests that between the 24 hour and 48 hour 

amiodarone incubation time something occurred that significantly increased the number of cells that 

accumulated amiodarone, as well as showing significant change in cell morphology. From the time 

scale on which these changes were observed, it is likely that the event was related to protein expression 

or signalling, as proteins tend to take hours to be produced by the cells; therefore, a proteomic study 

was conducted to investigate this further. 

In the proteomics study described in this thesis the 72 hour time-point was scrutinised and three 

replicates were performed for each of the different concentrations previously studied for the fluorescent 

microscopy sections (4.2) and the ToF-SIMS study (section 4.5). 

A 2011 study 263 used MALDI to perform a proteomics study in HepG2 cells, one of the compounds 

used was amiodarone and from the 254 proteins identified most were related to necrosis. After extensive 
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search, this was the only proteomics study available in the literature that tried to uncover the effects of 

amiodarone in mammalian cells at the protein level. 

 

 

 

Figure 67: Chromatogram displaying the total ion count for the NR8383 cell lysate on a C18 column as a function of time. 

 

 

A high resolution Orbitrap instrument (Q Exactive115) was used  to gather data for proteomic analysis 

of the three technical replicates, an example of each run can be seen in Figure 67. The samples were 

prepared as in section 3.1, lysed and digested using trypsin as described in section 3.10.1. In this dataset 

1,377 unique proteins were identified using a false discovery rate of 1% (p-value of 0.01). There were 

a total of 15 runs consisting of three replicate analyses at each of the four amiodarone concentrations 

plus the non-dosed control. The dataset was filtered to only include those proteins reported in all three 

replicates.  The samples were normalised and compared against the control.  Log ratios, with an adjusted 

p-value of ˂0.05, were considered significantly differentially expressed and used as input for STRING 

(functional protein association networks) pathway representation. 

The bulk of the statistics was performed using DESeq2, which is a differential analysis method based 

on a negative binomial model to test differential expression in count type data. It was developed for 

RNA-seq data and it uses fold changes as shrinkage estimation of dispersions in order to analyse large 

data sets such as RNA-seq. This tool allows the analysis of data based on the input of a raw count table, 

which was associated with the experimental group.  DESeq2 was used to calculate the geometric mean 

for each protein across all samples after performing an internal normalisation of the dataset. The 
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calculated mean was then used to obtain the product between each sample and the mean for each of the 

proteins identified. This allowed corrections of experimental biases, as for example, if a protein was 

highly expressed in one condition but not present in the other. The presence of replicates was essential 

to estimate dispersion of the data and fold-change values; the significance testing was performed using 

the Wald test. Low count or zero count proteins were considered outliers and removed from the 

analysis264.  

 

 

 

Table 2: Summary statistics of the fifteen samples (three replicates for each condition, NR8383 cell incubated with 0, 0.78, 

1.56, 3.13, and 6.25 µg/mL amiodarone for 72 hours) collected in this study suggest no obvious outliers, the different samples 

and replicates are depicted in each row and in the different columns the statistical results can be found. 

 

DESeq2 has been applied to label-free proteomics data by Langley et al.  with a few caveats, the authors 

tested seven different  analysis algorithms and suggest that DESeq2 performed very well in detecting 

true positives as well as identifying false positives, therefore recommending the use of this analysis 

platform for proteomics data265.  However, RNA-seq is single count data and protein intensities are 

continuous, which means that only spectral data can be analysed using this package. However, the low 

count numbers observed in proteomics data would pose problems to the DESeq2 algorithm, and would 
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give quite high numbers of rejection of the null hypothesis, therefore Benjamini-Hochberg false 

discovery rate (FDR) correction was applied265.  

Table 2, shows a summary of the proteomics data with means, variance, median, minimum and 

maximum values observed. The spread of the data was relatively small; the variance column was below 

500 units. This usually indicates that there no apparent outliers, this means that all samples studied were 

somehow similar. This was expected, as they were samples from the same cell line, the only differences 

observed on the protein expression levels should have been drug induced changes. The summary of the 

data presented in Table 2 indicates that there is no evidence of instrumentation or samples preparation 

issues. In this study of NR8383 cells the cells were incubated with amiodarone for 72 hours at the 

following concentration: 0.78, 1.56, 3.13 and 6.25 µg/mL, each sample was run in triplicate. 

 

Figure 68: Pairwise plots of the LC-MS/MS replicate runs performed for the control NR8383 cells.  The numeric data indicate 

a high degree of correlation within this treatment group, a similar profile was observed for the other treatment groups (not 

shown). Pairwise plots represent functions pairs of the scatterplots for each column in a matrix, the individual points represent 

individual proteins. Only the data for the control is shown, however, pairwise plots were generated for all replicates for each 

concentration run, this was performed for assay quality control purposes. 
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The number of non-zero observations, refers to the number of proteins identified per run, the mean 

value refers to the mean of normalized counts of all samples, and compares the expression of one group 

to the mean of others, similar values indicate similarity between the samples. The other values are self- 

explanatory. 

Pairwise plots were created for all replicates and all concentrations as a quality control type of exercise, 

good correlation between replicates indicates no instrument related issues or sample preparation 

problems. As the representation of the all the created pairwise plots would be unintelligible on paper, 

only the pairwise plot matrix performed for the control is shown as an example in Figure 68, however 

a similar profile was observed for all the concentrations analysed. 

The pairwise analysis, represented in Figure 68, demonstrated a good correlation between the different 

replicates, this indicated that the technical replicates were very similar and there were not any issues 

with the instrumentation. This step was a quality control step and showed evidence that the technical 

replicates were similar. In order to visualize the whole dataset and determine if the dosing 

concentrations of amiodarone had an impact in the protein expression, principal component analysis 

(PCA) was performed. 

 

 

Figure 69: Principal Component Analysis (PCA) of the whole set of the amiodarone incubated NR8383 cells. The samples 

cluster according to the amiodarone incubation concentration, in pink the control samples cluster together, in red the 0.78 

µg/mL amiodarone incubated samples cluster together but away from most of the other concentration points. In olive green 
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the 1.56 µg/mL amiodarone incubated cells cluster with the 3.13 µg/mL incubated cells, green. In blue the higher concentration 

used, 6.25 µg/mL, clusters separately from the other drug exposure concentrations.  

 

 

The PCA analysis in Figure 69 shows PC1 was plotted against PC2, in the x and y-axis respectively. 

The data indicates a prominent clustering by treatment group, and further suggests that all treatments 

differ from the control group. It is noteworthy that 3.13 µg/mL and 1.56 µg/mL appear to be very similar 

to each other and that control and 0.78 µg/mL samples are closer to one another relative to the other 

three treatment groups, as they appear closer on the PCA plot. 

As this data set is rather complex, and as shown by the PCA results, there are considerable differences 

between the different dose treatments, a different way of visualizing the whole data set can be by heat 

map representation. This is a two-dimensional representation of a dataset; in which we can assess the 

variation of each sample against any other sample in the data set. This allows the visualization of how 

the different samples cluster, as it can be observed in the heat map below. 

Figure 70 depicts a heat map that summarizes the dataset after comprehensive analysis it performed and 

displaying differences between samples. These differences are represented by a colour which represents 

abundance. Each sample was compared against itself and all the other samples. Deep colours indicate 

closely related samples and lighter colours indicate difference between the samples. The darkest colour 

is shown when a sample is compared against itself, as suggested by the embedded colour key histogram 

in Figure 70. Overall the control samples were the most distinct of all the samples as they have not been 

incubated with amiodarone.  

The heat map also shows that the sample groups that are more closely related are the 3.13 µg/mL and 

1.56 µg/mL, suggesting that at these concentrations the effect of amiodarone on the proteins detected 

was similar. It can be hypothesized that at these concentrations the amiodarone concentration is 

cytotoxic to the cells, therefore protein expression can potentially differ between the higher and the 

lower concentrations of amiodarone. In order to investigate the potential amiodarone cytotoxicity at 

6.25 µg/mL the proteins that change the most when compared to the control in this condition were 

investigated.  
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Figure 70: A distance matrix plot suggests the differences and similarities between sample groups. The different samples and 

replicates are displayed in a coloured matrix form where the colour indicates abundance as shown in the colour key. 

 

 

At lower amiodarone concentrations the cells are better able to cope with the effects of the compound 

on their metabolism and therefore the production of proteins that differ from their original phenotype 

are not expressed. 

DESeq2 was also able to provide information on the protein groups that were up-regulated and down-

regulated when compared to the control based on their statistical analysis. Table 3 displays the 

SwissProt identifiers of proteins that were up-regulated and down-regulated in the cells incubated with 

amiodarone at 6.25 µg/mL when compared to the control. This concentration was chosen as both the 
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PCA analysis and the heat map suggested this condition was the most different from the control, or their 

basal state.  

In Table 3 several different values are reported, the base mean value is the mean of normalized counts 

for all samples. The log2Foldchange is the log2 of the ration between the treated and untreated sample, 

for example, a value of 2 means the expression increased 4-fold. 

 

 

 

Table 3: Proteins identified as significantly differentially expressed when comparing the 6.25 µg/mL incubated samples with 

the control samples from the amiodarone incubated NR8383 cell data set. 
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The IfcSE is the log fold change of the Standard Error, and stat value on the table relates to the Wald 

statistic value, which is log Fold Change divided by its standard error. The p-value is associated to the 

significance of a result; it is defined as the probability of finding the observed results (or more extreme) 

when the null hypothesis is true. As a convention, a p-value below 0.05 is deemed statically 

significantt.264 

As it can be observed on Table 3, the log2 fold change provides an indication of the size and direction 

of the response observed, a positive value indicates the protein expression increases when compared to 

the control sample, and a negative value indicates that the protein expression decreases when compared 

to the control. 

The p-values were also all below 0.05, which is the cut-off for a result to be considered statically 

significant, as that was one of the criteria for the protein threshold selection. The significance is defined 

as passing the null hypothesis test, which means that if the data was removed from the model, it would 

not affect the results of the experiment. To evaluate if the identified proteins were connected in any way 

a STRING analysis was performed.  

STRING is a molecular biology tool, used to predict protein-protein interactions. The database includes 

both direct (physical) and indirect (functional) associations. STRING provides visual representation of 

the association between the proteins present in the input data and also numerical values such as PPS 

(degree of protein interactions) enrichment value and clustering coeficent. PPS enrichment value is 

similar to a p-value and the average clustering coefficient, which is the measure of how connected the 

nodes in the network of proteins are.247  

STRING analysis of these proteins (Figure 71) showed little interaction between the identified proteins, 

with a PPS (degree of protein interactions) enrichment value of 0.0987. This value is above what would 

generally be considered significant (0.05) as a small PPS value indicated that the connections were not 

random. The average clustering coefficient was 0.04, the closer the clustering coefficient is to 1 the 

more likely it is for a cluster in a network to be formed. However, this does not necessarily mean the 

results are not biologically meaningful only that the set of proteins interrogated is small or that the 
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function of the proteins identified has not been studied. The up-regulated protein set was composed of 

the following proteins: 

 Fatty acid-binding protein 

 Transmembrane glycoprotein NMB 

 Protein-glutamine gamma-glutamyltransferase 2 

 Gene Lce1d non- characterised protein 

 

 

 

 
 

Figure 71: STRING interactome of the up-regulated and down-regulated proteins identified as having a statistically significant 

change between the control and the dosed cells. Each sphere represents a protein, and their size is indicative of the information 

available in STRING. The images shows the interaction of the proteins identified as relevant in the statistical analysis with 

their closely related proteins that were also identified but whose changes were not deemed statistically significant. 
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Apart from gene Lce1d, which has not been characterised, the other proteins are thought to be involved 

in apoptosis and cell signalling.266–268 The transmembrane glycoprotein NMB which is significantly up-

regulated is also involved in chemotaxis,269 or the directed movement of a motile cell towards a higher 

concentration of a chemical.270 The fatty acid binding protein is, as the name indicates, involved in lipid 

binding and lipid metabolism. Protein-glutamine gamma-glutamyltransferase 2  is mainly responsible 

for apoptotic cell clearance, which is crucial in the cytotoxic environment caused by amiodarone 

incubation.271 

The list of down-regulated proteins is greater than the up-regulated proteins; however, in general, the 

reduced expression of proteins that are not expressed in situations when the cell is under chemical-

stress. Several cell death precursors as well as enzyme production were reduced.  There was also a 

reduction in the production of proteins involved in phosphorylation events, ribosomal production and 

inflammatory response activities. This data, despite not pin-pointing a protein responsible for the 

increased uptake observed in the 48 hour and 72 hour time-points, provide important clues on what is 

happening to the cell. Lipid uptake and metabolism are increased, consistent with the known effect of 

amiodarone on lipid metabolism that results in phospholipidosis272. Chemotaxis response is increased 

as demonstrated by the up-regulation of transmembrane glycoprotein NMB, this was expected 

following incubation of the cells in a media with a relatively high amiodarone concentration. 

Furthermore, all non-essential cellular functions that are not necessary for a chemical stress type of 

environment are down-regulated, such as enzyme production, phosphorylation, ribosome production 

and inflammatory response. The identification of proteins associated with apoptosis, such as Protein-

glutamine gamma-glutamyltransferase 2, provides evidence that the higher concentrations of 

amiodarone used are cytotoxic. The data indicated that at 6.25 µg/mL proteins associated with 

cytotoxicity and cell death appear up-regulated, this indicates that this concentration is harmful for the 

cell. 

The data also indicated that some lipid production associated proteins are up-regulated, such as Fatty 

acid-binding protein, which potentially indicates that the cell is finding alternative lipid production and 
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disruption pathways, this is to be expected as amiodarone is known to disrupt the lipid metabolism and 

the cells are trying to adapt to their environment in order to survive. 

 

 

4.7) Lipidome profiling of amiodarone incubated NR8383 cells 

There is extensive literature on phospholipidosis inducing compounds273,274 such as amiodarone. 

Microscopy data demonstrate that the cells appear enlarged and have a “foamy” appearance due to the 

swelling of lysosomes caused by the increased levels of lipid within them. Some examples can be found 

in the literature of metabolomic studies performed on amiodarone dosed animals.275,276 However, data 

for cells was not available in the literature, therefore a lipidomics study in amiodarone dosed NR8383 

cells were yet to be undertaken. For this reason, a lipidomics study was designed to investigate the lipid 

changes in NR8383 cells after amiodarone dosing 

The cells were prepared as in section 3.1, for all microscopy, ToF-SIMS and LC-MS/MS data (both 

proteomic and lipidomic profile). The cells studied were NR8383 and the concentration of amiodarone 

were the same: 0, 0.78, 1.56, 3.13 and 6.25 µg/mL. 

 

 

Figure 72:  Lipid class profile distributions (c is the control cells and S1 the amiodarone treated cells) of the lipidome 

experiment performed in amiodarone incubated NR8383 cells. The lipid classes key on the right hand side relates to the 

following lipid classes: Ceramides, ChE-Cholesteryl Ester, Co- Coenzyme, DG- diglyceride, LPC-lysophosphatidylcholine, 

LPE-lysophosphatidylethanolamine, LPG- lysophosphatidylglycerol, MG-Monoglyceride, PC- phosphatidylcholine, PE- 
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phosphatidylethanolamine, PG-phosphatidylglycerol, PI-phosphatidylinositol, PS-phosphatidylserine, SM-sphingomyelin, 

TG-Triglycerides. 

 

The NR8383 cells, control and treated, were prepared for lipid analysis by extraction of the lipid as 

described in section 3.11. the samples were run using a nano-LC and a high mass resolution, high mass 

accuracy mass spectrometer. The data were processed as described in section 3.11 using LipidSearch. 

The results suggest there are a few differences in the lipid profile of the control group and the cells 

treated with Amiodarone at 6.25 µg/mL, as illustrated in Figure 72, especially in Diradylglycerolipids, 

Triradylglycerolipids and Sphingomyelins. The glycerophosphocoline group is, without doubt, the most 

abundant, and there are a few changes in the lipid profile between treated and untreated cells.  

Further statistical work was performed to provide a better understanding of this data, as Figure 72 relates 

only to lipid classes. The data was exported from LipidSearch as mass, lipid identifier and relative 

abundance. To perform statistical analysis two approaches were attempted, as there are no clear 

guidelines in performing statistical analysis on open lipidomics experiments. The first was by 

attempting to identify the lipids whose signal intensity showed a trend or relationship with the increased 

dose of amiodarone. The second was based on an ANOVA type approach in which the data for each of 

the amiodarone doses were compared with the undosed control. All statistical analysis was performed 

using an R statistical pipeline. 

 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

159 | P a g e  
 

Figure 73:  Data transformation of the lipid profiling analysis performed on amiodarone incubated NR8383 cells to reflect on 

the data obtained the doubling of the media concentration (A) Log 2 transformation for the amiodarone media concentration. 

(B) Intensity/ area of the lipid signal, untransformed and (C) Log 10 transformed intensity/ area of the lipid signal.  

 

 

The initial step in both instances was to perform the data transformation to the log scale. Log2 was 

chosen for the media concentration parameters, as the concentrations of amiodarone in the media 

double, and Log10 was chosen for the intensity parameter. As it can be observed in Figure 73A a 

constant had to be added to the Log2 value to reflect the doubling of the concentration. Several different 

constants were tested but 0.35 was chosen as it was the one the better replicated the doubling of the 

media concentration. In Figure 73B and C the total area plotted against the peak count is shown, in 

Figure 73B is the untransformed data and in Figure 73C, the Log10 transformed data. After the log 10 

transformation, the data displayed a normal distribution, as demonstrated in the frequency histograms 

in Figure 73C. 
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Figure 74: Curves for the fifty lipids which have the best fitting dose-response curves/lines for the lipidome profiling 

experiment in amiodarone incubated NR8383 cells. Each colour represents a lipid, the three points for the three replicates can 

be visualised for the different concentrations starting from the lowest to the highest (0 µg/mL to 6.25 µg/mL) from left to right. 

 

In Figure 74, the data for the fifty lipids that best fit a typical drug response curve is displayed. Each 

lipid is represented by a different colour and the points for the three replicate run can often be seen in 

close proximity. The concentration of amiodarone increases from left to right starting at 0, followed by 

0.78, 1.56, 3.13 and 6.25 µg/mL. The lipids identified are mainly diradylglycerolipids, 

triradylglycerolipids, sphingomyelins, ceramides, phosphatidylglycerols, lysophosphatidylcholines, 

lysophosphatidylethanolamines and phosphatidylinositol. Further analysis was performed and the five 

best fitting lipids to a drug response type of fitting, were analysed and are summarised in Table 4. The 

table displays the lipid and its lipid class as well as the p-value associated to the statistical analysis 

performed for each. The curve relevance was assessed using both linear and quadratic line/curve fitting. 
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Lipid Lipid Class P value Method 

DG(18:0/16:0) DG 1e-07 Linear plus quadratic 

DG(18:1/18:1) DG 0e+00 Linear plus quadratic 

PC(16:0/19:0) PC 0e+00 Linear plus quadratic 

PC(16:1p/19:5) PC 2e-07 Linear plus quadratic 

TG(16:0/18:1/22:5) TG 0e+00 Linear plus quadratic 

 

Table 4. The five lipids whose dose-response curves best fitted the dataset. DC stands for diradylglycerolipids, PC stands for 

phosphatidylglycerols, and TG refers to triradylglycerolipids. 

 

Table 4 displays the five lipids that best fit the dose-response curve approach chosen for the analysis of 

the data. This correlates with the preliminary results obtained from the LipidSearch summary that 

showed the lipid classes that were changing were diradylglycerolipids and triradylglycerolipids. The 

phosphatidylglycerols group was difficult to assess due to the normalisation of the data, as the data is 

generally normalised to the highest lipid group, which in this case was the phosphatidylglycerols. 

The results shown in Table 4 are somehow surprising, as odd-chain fatty acids are only found in 

mammalian cells in trace amounts, however odd-chain fatty acids occur in appreciable amounts in 

ruminants and the cell culture media has been supplemented with Fetal Bovine Serum, which could 

explain the presence of odd-chain lipids, furthermore the presence of odd-chain lipids could also be an 

oxidation product of long chain fatty acids, and it is not known if amiodarone-induced lipid 

accumulation results in lipid oxidation. 

The second approach to statistical analysis was an ANOVA type approach, in which each concentration 

was directly compared to the control sample. This type of data analysis makes fewer assumptions than 
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the dose-curve approach presented before, however, the interpretation was more difficult, and it can 

potentially discard a lot of information. 

Figure 75 shows the results of ANOVA modelling of each amiodarone concentration versus the control. 

Close to the x-axis are the lipids that do not change much between the control and the different samples. 

Samples further away from the x-axis are the most different from the control samples.  

 

 

Figure 75: ANOVA model Manhattan plot of each dose versus the control of the lipid profiling study undertaken using 

amiodarone dosed NR8383 cells. The orange represents 0.78 µg/mL, green is 1.56 µg/mL, blue is 3.13 µg/mL and purple 6.25 

µg/mL. The lipids that the data indicate to be changing the most are labelled on the plot; these are the lipids that could 

potentially be investigated further using pathway analysis. 

 

As in the dose-curve analysis presented above and the preliminary data from LipidSeach, 

diradylglycerolipids, triradylglycerolipidis, phosphatidylcholines and phosphatidylinositol are the most 

changed lipid groups. These ANOVA results are also in accordance with the dose-response fitting 

statistical approach. 

In the literature, there is evidence of lipid studies performed in animal tissues that show a similar profile 

changes to the one observed here for the NR8383 cells, showing up-regulation of PI and PC species.277 
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Commonly lipid studies have a hypothesis, and the MS assays are targeted, which means only the lipids 

that feature in the hypothesis are analysed, this is a reductionist approach that is commonly used due to 

the issues in data processing, but data processing software is increasingly improving and allowing 

lipidomics data to become searchable following the success seen in the proteomics field. 

The lipidomics study described in this thesis was performed hypothesis free, all lipid masses present 

were identified and statistical analysis was performed, and its findings are in accordance with the 

literature, such as the up-regulation of PI and PC species. However, the TG up-regulation seen in this 

study is not documented in the literature as a result of amiodarone incubation, this can be a new finding 

due to the fact that an open lipidomics study was performed rather than a targeted one. 

In summary, amiodarone has a marked effect on NR8383 cells, that effect can be observed 

phenotypically, with an increase in cell size and lysosomal accumulation. This can be observed by H&E 

staining of the cells, where “foamy” macrophages are clearly visible. The effect is also observed in 

fluorescence microscopy, as an increase in amiodarone dose results in increased lysosomal size and 

numbers. The compound can be detected intracellularly, label-free at physiological doses using ToF-

SIMS, however there is a very diverse cellular response, especially at higher amiodarone doses. This 

could potentially be explained by amiodarone cytotoxicity in these conditions, as supported by the 

proteomics study performed. 
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5. Results II: Amiodarone ToF-SIMS model applied to 

other cell lines 

 

The principal objective of this chapter is to determine if ToF-SIMS is cell line agnostic when looking 

at intracellular compounds. Furthermore, the ToF-SIMS signal was compared to the bulk LC-MS/MS 

measured intracellular amiodarone concentration to provide a semi-quantitative value to the ToF-SIMS 

measurement. However, the intracellular variability within the same cell population observed indicated 

a bulk measurement is unlikely to be representative of the cell population. 

In order to determine if the ToF-SIMS analysis method developed for NR8383 cells could be applied 

to other cell lines such as HEK293, HepG2 and HeLa cells, these cells were incubated using the same 

cell numbers with the same amiodarone concentrations for direct comparison by ToF-SIMS and LC-

MS/MS, NR8383 cells were also studied for comparison with earlier studies. Since ToF-SIMS is a 

vacuum based technique the samples were freeze-dried for analysis as for the study described in the 

previous chapter of this thesis; it was important to know the extent of cell damage or morphological 

changes caused during this process.  
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Figure 76: ToF-SIMS 2D images of 3D data acquired from cells entirely consumed by the argon cluster source during analysis 

and was acquired in high-spatial resolution mode. NR8383 cells were incubated for 2 hours with 6.25 µg amiodarone/ mL. 

Composite image where red represents Ribose (m/z 81), blue shows the signal from the phosphatidylcholine lipid fragment 

(m/z 184) and green shows the amiodarone protonated molecular ion signal (m/z 646). 

 

 

Figure 77: ToF-SIMS 2D images of 3D data acquired in the same way as Figure 76. The Figure shows HeLa cells incubated 

for 2 hours with 6.25 µg amiodarone/ mL. Composite image where red represents Ribose (m/z 81), blue shows the signal from 

the phosphatidylcholine lipid fragment (m/z 184) and green shows the amiodarone protonated molecular ion signal (m/z 646). 
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Figure 78:  ToF-SIMS 2D images of 3D data analog to Figure 76 and Figure 77. The Figure shows Hek 293 cells incubated 

for 2 hours with 6.25 µg amiodarone/ mL. Ribose (m/z 81) is shown in red, the phosphatidylcholine lipid fragment (m/z 184) 

is shown in blue and the amiodarone protonated molecular ion signal (m/z 646) is shown in green. 

 

 

Figure 79: ToF-SIMS 2D images of 3D data set acquired in the same way as Figures 76, 77 and 78. In this image the 

experiment was performed on HepG2 cells (6.25 µg amiodarone/ mL incubation for 2 hours). Composite image where red 

represents Ribose (m/z 81), blue shows the signal from the phosphatidylcholine lipid fragment (m/z 184) and green shows the 

amiodarone protonated molecular ion signal (m/z 646). 

 

 

The three cell lines (HepG2, Hek293 and HeLa) selected for this study are arguably some of the most 

used cell lines in drug discovery. The NR8383 cell line was used as a control cell line, as the data shown 

in the previous chapter clearly demonstrated that amiodarone could be detected using ToF-SIMS. The 

four cell lines were prepared and incubated with amiodarone in the same way for the ToF-SIMS 

experiment and the LC-MS/MS experiment. 

The ToF-SIMS data in Figures 76, 77, 78 and 79 clearly shows compound and cell co-localization for 

all the cell lines.  The dose chosen was 6.25 µg/mL with two-hour incubation. The relatively short 

incubation time helped minimise the range in cell size in the NR8383 cell line that resulted from the 
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disruption of lipid metabolism, this should reduce the variability of the cell sizes observed in the 

experiment described in the previous chapter of this thesis. 

Figures 76 to 79 show 2D representations of the ToF-SIMS 3D data that integrated the entire signal in 

the vertical direction as the sample was etched away using the gas cluster ion source (i.e. a cumulative 

plan view) for NR8383 (Figure 76), HeLa (Figure 77), HeK 293 (Figure 78) and HepG2 cells (Figure 

79). For each cell type, the large image to the left is a composite colour image with red representing the 

intensity of the ribose fragment (m/z 81), blue representing the intensity of the phosphatidylcholine 

fragment (m/z 184) and green representing the amiodarone protonated molecular ion intensity (m/z 

646). These extracted ion images are shown separately as a panel of small images on the right of each 

Figure for clarity. The amiodarone was clearly detected for each cell type, and the intensity appeared 

higher in the HeLa and HepG2 cell lines. For determining the cell associated amiodarone signal the 

perimeter of the cell was defined by outlining the cell using the Surface Lab 6.5, regions of interest 

tools and the amiodarone ion intensity was obtained by factoring in the primary ion dose. 
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Figure 80: ToF-SIMS 2D composite image of secondary ions acquired using the lower spatial resolution mode used to collect 

the larger number of cell measurements. (A) NR8383 cells, (B) HeLa cells, (C) Hek 293 cells, (D) HepG2 cells, incubated for 

two hours with 6.25 µg amiodarone/mL. Composite image with all the three extracted signals. Red represents Ribose (m/z 81), 

blue shows the signal from the phosphatidylcholine lipid fragment (m/z 184), and green shows the amiodarone protonated 

molecular ion signal (m/z 646). 

 

To generate sufficient individual cell measurements (n > 50) to compare with the average ensemble cell 

population measurements from LC-MS/MS, a low resolution imaging mode was used to increase 

throughput since the data acquisition was faster. Therefore, the data generated has been acquired in two 

different modes, a high spatial resolution mode with lower throughput but higher image quality (Figures 

76, 77, 78 and 79) and a low spatial resolution mode, which provided higher throughput but with lower 

spatial resolution (Figure 80). The spatial resolution of the later method was still sufficienct to discern 

the cellular contour to define a cell; Figure 76, 77, 78 and 79 are analogues of Figure 80 using different 
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spatial resolution modes. In instances when the cells could not be resolved, they were not included in 

the data set. This occurred for approximately 10% of the cells analysed for all cell types. 

This data indicates that ToF-SIMS can be used to detect intracellular compound independently of the 

cell line used.  

 

 

Figure 81: Frequency histogram of total amiodarone signal intensity (counts) per cell measured by ToF-SIMS for each of the 

four cell types, NR8383, HeLa, Hek293 and HepG2. The fitted normal distributions are displayed as a solid red curve. 

 

 

 

In Figure 81 a total of 329 individual cell ToF-SIMS measurements acquired are shown (NR8383 n = 

62; HeLa n = 86; Hek 293 n = 57; HepG2 n = 124). Analysis of the frequency histograms of the 

amiodarone signal intensities in Figure 81 reveals an asymmetric distribution for NR8383, HepG2 and 

Hek293 cells and a distribution closer to a normal distribution for HeLa cells.  
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Despite the two-hour time-point used for this study, there was still some variability in the compound 

incorporation both within the different cell lines and within the same cell population. This variability 

was not expected, as it can be observed in Figure 81 the majority of the cells for the HepG2, Hek293 

and NR8383 cell lines had incorporated a relatively low amount of amiodarone, however, the 

distribution of incorporation was variable and if an average value was reported that would not be 

representative of the variability observed in Figure 81. 

 

 

 

Figure 82: (A) box plot showing single cell population measurements for each cell type using the ToF-SIMS integrated 

amiodarone protonated molecular ion counts for each cell NR8383 n = 62; HeLa n = 86; Hek 293 n = 57; HepG2 n = 124 (B) 

box plot showing cell population measurement using the LC-MS/MS assay, for each sample approximately 4.7x106 cells were 

used.  

 

LC-MS/MS measurements were performed and in Figure 82 those are shown in parallel with the ToF-

SIMS data. In Figure 82A, each data point represents a single cell measurement and reveals considerable 

cell-to-cell variation. The variability observed for the different cells is above 50% of the mean for all 

cell lines. The variation between individual cells be due to several reasons including that these cells 

were not synchronised, this was not undertaken as the effect of the inhibitors required to achieve 

synchronisation are unknown. Furthermore, having cells within the culture in different phases of the 
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cell cycle made the model more biologically relevant, as it is more representative of what occurs in 

vivo. 

The LC-MS/MS data in Figure 82B shows that both HeLa and Hek 293 cells have a lower amiodarone 

uptake. These cells are known to express less of the common ABC (ATP-Binding Cassette) and SLC 

(solute carrier) transporters, and this might contribute to the lower amount of cell associated 

compound.36 Detailed proteomics studies such as the one undertaken by Geiger, et al193 could be used 

to provide details on the differences in transporters between the different cell lines, but this is beyond 

the scope of this thesis. 

The higher drug uptake observed for the NR8383 cells can be explained by their biological function, as 

macrophages possess remarkable endocytosis capabilities278. Being an immune system cell they target 

microorganisms and other potential threats to the host. In this particular case the threat was the 

compound and as a phagocyte they tried to internalise the compound to minimise the damage the drug 

could cause to other cells, with the intent to metabolise it or contain it within.36,278 Since they could not 

metabolise amiodarone the internal drug concentration increased. Amiodarone disrupted the lipid 

metabolism in macrophages causing them to become enlarged with lipid and compound laden vesicles. 

Most intracellular drug determination studies only report ratios of bound versus unbound compound,189 

so it is hard to draw a direct comparison between the intracellular drug concentration values obtained 

here and other studies. However, previous publications reported intracellular drug concentration of the 

same order of magnitude as those presented in Figure 83 measured by LC-MS/MS. Furthermore, the 

intracellular concentration also increased in the same order as the referenced study189,279 which was 

around 10 to 50 times higher than the extracellular media concentration280. 

As one of the objectives of this study was to determine if there was any correlation between the single 

cell measurements by ToF-SIMS and the average cell population measurements quantified using LC-

MS/MS, the data from these experiments was compared in Figure 83. It is evident that the HeLa cells 

do not fit this correlation with a far higher ToF SIMS signal, relative to the LC-MS/MS determined 

drug content, compared to the trend for the other three cell types. This could be due to a number of 

factors including, (1) difference in the intrinsic biological diversity in cells (2) some type of matrix 
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effect may be reducing the signal intensity, (3) the number of single cells (n >60) measured by ToF-

SIMS may be insufficient to correctly represent the average of the population measured by LC-MS/MS.  

 

 

 

Figure 83: Comparison of the average cell associated amiodarone intensity determined by ToF-SIMS from a number of 

individual cells with the amiodarone cell uptake determined by LC-MS/MS from ensemble measurement of a large cell 

population (approximately 5000 cells per injection) for all cell lines incubated with 6.25 µg amiodarone/mL for two hours. 

The diamond represents the NR8383 cell line, the square represents HeLa cells, the circle represents HepG2, and the triangle 

represents Hek293 cells. The error bars represent one standard deviation from the average value. NR8383 n = 62; HeLa n = 

86; Hek 293 n = 57; HepG2 n = 124 

 

There is no definative explanation for why the HeLa data is inconsistent with the monotonic relationship 

between ToF-SIMS and LC-MS/MS for the other cells, and consequently it cannot be stated with 

confidence that there is an overall correlation between amiodarone uptake in individual cell ToF-SIMS 

measurements and ensemble population LC-MS/MS measurements. The significant variability 
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associated with the ToF-SIMS measurement is far greater than the reproducibility of the technique 

despite the relatively high number of cells analysed indicating significant cell-to-cell drug uptake 

differences. 

Elsewhere,281 we have demonstrate that the SIMS protonated amiodarone molecular ion intensity is 

approximately linearly proportional to the amiodarone incubation concentration for NR8383 cells. The 

phenomena observed for HeLa cells could be explained by the biological effect of amiodarone in HeLa 

cells at the concentration used for the study, which was relatively high and signs of cytotoxity were 

beginning to be observed, as demonstrated by the proteomics profiling data, shown in the previous 

chapter of this thesis, in which cell death related proteins were up-regulated at 6.25 µg/mL of 

amiodarone. This could be addressed in the future using SIMS to investigate changes in endogenous 

molecules in the biological system or using an orthogonal technique, such as electron microscopy, to 

investigate changes in lipid structures within HeLa cells with increasing levels of amiodarone. 

 

 

Figure 84: Amiodarone intensity determined by ToF-SIMS (mean plotted from individual cell measurements) versus the 

amiodarone cell uptake determine by LC-MS/MS population ensemble measurement from approximately 4.7x106 cells for all 

cell lines after incubation with 6.25 µg/mL for two hours for the high resolution imaging mode used  (this data directly relates 

to Figures 76, 77, 78 and 79) . The diamond represents the NR8383 cell line, the square represents HeLa cells, the circle 
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represents HepG2, and the triangle represents Hek293 cells. The error bars represent one standard deviation from the average 

value.  

 

In Figure 84 the high spatial resolution data acquired for image 74 was plotted in relation to the LC-

MS/MS data. This is in fact an analogue of Figure 83 but generated with the high spatial resolution 

ToF-SIMS data, which means the number of cells analyzed was much smaller, nine cells for the HepG2, 

eight cells for the NR8383 and the HeLa and seven cells for the Hek 293. Despite this, the results are 

consistent with Figure 83, still showing the HeLa cells as the outlier. The amiodarone count intensity, 

as expected, was approximately 10-fold lower in this mode than in the high mass resolution mode due 

to the lower beam current used. 

In summary, four different cell lines were subjected to the same treatment with amiodarone for the same 

time and, as it can be observed, different cell types incorporate amiodarone at different rates. 

Furthermore, within the same cell population the levels of incorporation were variable. When 

comparing the amiodarone signal obtained by ToF-SIMS and the intracellular amiodarone 

concentration measured by LC-MS/MS the two values do not show correlation for the HeLa cells while 

showing much greater ToF-SIMS signal when compared with the concentration determined by LC-

MS/MS. This could potentially be explained by the difference in biological activity between the 

different cell line, the simplicity of HeLa cells in terms of transporters perhaps decreased the ion 

suppression in ToF-SIMS or simply not enough cells were analyzed to arrive to an accurate value. 
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6. Results III: Exploring applicability of ToF-SIMS to 

detection of a wider range pharmaceutical compounds 

 

In this chapter, it was attempted to determine which test substrate best correlates with the compound 

signal after the pharmaceutical was up taken by mammalian cells, so the preliminary feasibility study 

is a good indicator of the propensity for ionisation of a given compound. For this, in addition to the cells 

incubated with compound, four other samples were prepared: compound solubilised in 50:50 methanol: 

water (Neat), that solution spotted on a liver tissue section (tissue), same preparation as the Vorng et al. 

publication (JLV) and on a cell lysate (CL). A library of twenty pharmaceutical compounds curated to 

be representative of a broad class of pharmaceutical molecules were analysed by ToF SIMS in order to 

assess its sensitivity in five different matrices.  

The objective of this work was to better understand if there is a link between ToF-SIMS ionization and 

any of the physical-chemical properties often measured and calculated as part of the drug discovery 

process. Furthermore, by looking at five different matrices, a better understanding can potentially be 

drawn of which medium better correlates with the intracellular ToF-SIMS signal for the compound, so 

this information can be used with confidence during the feasibility study that occurs prior to the study 

itself. 

The mechanism of secondary ion ionisation in ToF-SIMS is still not very well understood despite some 

efforts from Vorng et al., in this study they have found that LogP was a good predictor of ToF-SIMS 

ionisation efficiency in pharmaceutical molecules153. The results at the beginning of chapter 4, in which 

amiodarone, chloroquine and a GSK compound were incubated in cells and analysed using ToF-SIMS, 

demonstrated that only amiodarone was observable intracellularly using this technique. This is in 

accordance with Vorng’s publication, which indicated a better ion yield for amiodarone than 

chloroquine. Given that amiodarone’s LogP is 7.64 and chloroquine’s LogP is 3.93 it is in accordance 

with the observation that ionization efficiency was correlated with the increase of LogP of a 

pharmaceutical compound. Despite the valuable information provided to the SIMS community Vorng’s 
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publication has a caveat, it is not known if the liver paste used as a biological background for the 

compounds is the best test matrix to mimic mammalian cells and tissues. No doubt cells are rich in 

lipids, but they are also rich in proteins, salts, and multitude of other endogenous metabolites.  For this 

reason, in this chapter, the results obtained for a set of twenty GSK compounds analysed in five different 

background matrices using ToF-SIMS is discussed.  

The twenty compounds (seen in Table 5) were analysed using ToF-SIMS using five different sample 

preparation methods in triplicate as described in section 3.13. The matrices studied were: neat 

compound, spotted on tissue, lipid paste (Vorng et al. method), cell lysate and incubated in HepG2 cells. 

As it can be observed in Table 5, the compound molecular ion could be found for all the compounds in 

their neat form and the compound could be identified intracellularly in thirteen out of twenty 

compounds, despite the relatively small number of compounds studied this shows that ToF-SIMS has 

a 65% success rate of identifying drug molecules intracellularly. 

When looking at the biological matrices in which compounds can be tested prior to the cell assay (where 

cells are incubated with compound): tissue, liver paste and cell lysate, it becomes clear by looking at 

Table 5 that some compounds would not have progressed to the cell assay stage if these matrices had 

been used for the compound feasibility study, three compounds in tissue, four in the liver paste method 

and one in cell lysate. This obviously poses questions regarding the surrogate matrices, indicating that 

perhaps they are not the most adequate format for testing compounds for ToF-SIMs ionization prior to 

the actual cell incubation experiment. 
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GSK 

compounds 

Image 

identifier Structure Neat Tissue 

lipid 

paste 

(JLV) 

Cell 

lysate 

Incubated 

cells 

GW445014X 14 
 

Yes Yes No Yes No 

GW616030X 30 
 

Yes Yes No Yes Yes 

GW819077X 77 
 

Yes Yes Yes Yes Yes 

GW607117X 117 

 

Yes Yes Yes Yes Yes 

CCI120 120 

 

Yes No No Yes No 

SB-254169 169 
 

Yes No No Yes No 

SB-

675259M 259 
 

Yes No No Yes Yes 

GW568326X 326 
 

Yes Yes Yes Yes Yes 

GW837331X 331 
 

Yes Yes Yes Yes Yes 

GW817394X 394 
 

Yes Yes Yes Yes Yes 
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GSK 

compounds 

Image 

identifier Structure Neat Tissue 

lipid 

paste 

(JLV) 

Cell 

lysate 

Incubated 

cells 

GW817396X 396 
 

Yes Yes Yes Yes Yes 

GR92424X 424 
 

Yes Yes Yes Yes Yes 

GW561436X 436 
 

Yes No No Yes Yes 

SB-735465 465  Yes Yes No Yes No 

GW828525X 525 
 

Yes Yes Yes Yes Yes 

GW824645A 645 
 

Yes No No Yes No 

SB-686709A 709 
 

Yes No No Yes No 

GW559768X 768  Yes No No No No 

GW869810X 810 
 

Yes No No No Yes 

GW807982X 982 
 

Yes Yes Yes Yes Yes 

 

Table 5:  Summary table of the compound GSK number, image identifier (usually the last three digits of the whole number), 

the structure of the compound and in which matrix it was identified. In red are the compounds whose signal was not visible 

and in green are the compounds whose molecular ion was identified. 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

179 | P a g e  
 

In order to be able to look at this data in greater detail, rather than just in a binary way the data had to 

be processed. The signal reported relates solely to the molecular ion of each compound and for all 

instances, with the exception of the cell incubated samples, the total compound signal in the analysed 

field of view signal is reported and normalised to the number of pixel in that field of view. The criteria 

for this decision was 2-fold: 1) fragments of the compound might not have sufficient mass resolution to 

perform the assignment with confidence: 2) most of the compound masses fell in a relatively quiet 

region of the spectra, therefore there were fewer peaks around and the identification could be performed 

with more confidence. It is worth noting that for all the five matrices a no-compound control was 

performed to increase the confidence that the ions seen were compound related, and were absent from 

the control.  

For the compound incubated cells in order to calculate the integrated compound intensity for the cell 

incubated samples the perimeter of the cell was defined by manually defining a region of interest on the 

acquired image. In instances where the cells could not be resolved they were not included in the data 

analysis, furthermore, the defined cells signal was also normalized to the number of pixels.  

A logarithm transformation was then applied to the data set so changes within the data set were more 

perceptible. In additon to this, two other statistical analysis methods were used, PCA and pairwise 

correlation plots. 

The plot in Figure 85 shows the triplicate measurements for each of the individual sample preparation 

methods. There were several measurements where signal was not obtained, for example, compound 

GW559768X was only detectable in neat compound conditions.  

The signal for neat compound could be seen in blue, and as it can be observed it has consistently the 

highest intensity values, as no biological matrix is present to cause ion suppression. 
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Figure 85: Scatterplot of the multiple variables and replicates. The blue circle represents the neat compound, the red square 

represents the cell lysate mixture, the green diamond represents the compound spotted on tissue, the pink triangle represents 

the liver paste method and the black filled circle represents the compound incubated cells. The GSK compounds are identified 

by the last three digits of their designation. 

 

For the other sample presentation matrices, the intensity is much lower, in these conditions, the 

complexity associated to the biological matrices suppresses compound  ionisation. However, the three 

replicates performed are quite consistent as it can be observed in Figure 85. 

As one of the objectives of the experiment was to determine which methods best correlated with the 

signal from compound incubated with cells, the focus was on the compounds for which signal was 

observed in the cells, which were: GW616030X, GW819077X, GW607117X, SB-675259M, 

GW568326X, GW837331X, GW817394X, GW817396X, GR92424X, GW561436X, GW828525X, 

GW869810X and GW807982X. 
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The compounds that appeared to be more consistent across the three replicates and the different sample 

preparation conditions were GW819077X and SB-675259M. In all instances, the neat compounds had 

better ToF-SIMS signal than any of the other conditions except for GW824645A, in which the 

compound signal obtained when mixed with the cell lysate was greater that the compound signal for 

the neat compound. It can be hypothesised that for this compound something in the cell lysate buffer 

was enhancing the ionization. This phenomenon has been demonstrated for lipid species282 whose 

ionization efficiency increases when comparing the signal of the lipid in the pure form and in a more 

complex matrix. 

The data was then averaged and each of the conditions was compared against each other in a matrix of 

pairwise plots (Figure 86); this data plotting technique quickly identified which conditions showed 

better correlations. The data suggests that potentially the best correlation between the different 

compound conditions and the compound incubated cells is obtained with neat compound. Nevertheless, 

all pair wise plots were examined and each pair wise plot was fitted with a simple linear regression 

trend line so an r2 could be calculated. 

It was essential to determine how well the model could be fitted to the dataset as it provided a relation 

between the trend line and each of the points fitted to the trend line. Furthermore, the p-value or 

probability value was also calculated, this value indicates the significance of the results, p-values of 

0.05 or below indicate that the probability of a result being random is very low, and therefore p-values 

below 0.05 are desirable. 

The matrix plots in Figure 86 compare each matrix conditions against each other in order to identify if 

there is any correlation between the compound signal in the compound testing matrices and the 

compound incubated cells. 
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Figure 86: Pairwise matrix plot comparing the five study conditions: neat, cell lysate, tissue, liver paste method and cell 

incubation. Each condition is compared with each other to produce a matrix of plots showing that the highest correlation with 

cells is achieved by the neat application of the compounds. 

 

The data in Figure 86 suggest that there is no real correlation between the matrices and the compound 

incubated cells, and although a correlation would be desirable to better predict the ionization of 

compound intracellularly, it is not crucial, as what was required was a feasibility method that does not 

preclude a compound proceeding to the cellular assay, and for this reason the neat condition was the 

best to use, as it did not discard compounds from being progressed to the cellular assay stage, while the 

other matrices would have done. 

The best r2 value was observed when the neat compound was plotted against the compound incubated 

cells, as seen in Figure 87. The plot in Figure 87 depicts the log mean of the three replicates analysed 

for both neat compound and cells incubated with compound, not all compounds that were detected in 
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the neat compound analysis were detected in cells incubated with compounds, and therefore there were 

some zero values associated with this data.  

 

Figure 87: Pairwise plot of the correlation between the signal for each of the tested neat compounds and the compound signal 

in compound incubated cells. The r2 value and the p-value calculated from that correlation are 0.377 and 0.0256 respectively. 

 

As it can be observed in Figure 87, the correlation between any of the drug intensities is very weak, this 

is perhaps due to the variance in the data set in all matrices studied, despite the apparent negative results, 

it is noteworthy that there was not a clear background matrix that correlated to the signal of the 

compound when it was incubated in cells. In fact, it can be argued that the best r2 value observed was 

between the cells incubated with compound and the neat compound, and the low p-value for these 

conditions  indicates that the likelihood of the correlation being random is relatively low, as the p-value 

tests for consistency between the data and the null hypothesis.283 The poor correlation observed can 

potentially be attributed to the variability of the data generated, unfortunately only three  replicates were 
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performed per condition, perhaps if more replicates were to be performed the data would become tighter 

and the r2 would improve. 

This data showed that it was acceptable to use the compound alone in a feasibility study, as no better 

results were observed for any of the other matrices tested; this saves time, effort and materials when it 

comes to the overall experimental design. The compound ionization assessment neat and in cells is 

useful information, however, the truly valuable information would be if one could predict if a compound 

would be amenable to SIMS ionisation. This ionisation process is very low yield and poorly 

understood58. Nevertheless there are some ongoing efforts to overcome this challenge with 

instrumentation developments.284 

Using the acquired data, the potential correlation between a pharmaceutical’s physical-chemical 

properties and its ToF-SIMS ionisation ability was explored. The physical-chemical properties of a 

molecule are a well discussed topic within the pharmaceutical industry, as certain characteristics in 

physical-chemical properties carry the hallmarks of a good drug.50  

Figure 88 depicts the score plot of the Principal Component Analysis (PCA) performed on a wide range 

of physical-chemical properties associated with the compounds studied in this chapter. The physical-

chemical properties applied in this analysis were, Melting point, Chromatographic Hydrophobic 

Index134 (CHI), Properties Forecast Index30 (PFI), Partition coefficient135 logP, Chromatographically 

determined partition coefficient136 (ChromLogD), Acid dissociation constant137 pKa, Distribution 

coefficient138 (LogD), ChemiLuminescence Nitrogen Detector solubility139(CLND), Human Serum 

Albumin binding140 (HSA), Retention factor (LogK) which is the partition coefficient of a compound 

between the mobile and the stationary phase141, CellConc, the measurement of intracellular compound 

using LC-MS/MS in HeLa cells142, molecular weight and pH. Each of these properties has a value 

associated to it that has been either calculated or empirically determined, in order to assess the diversity 

of the twenty compound set PCA analysis was performed. 
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Figure 88: PCA on the physical-chemical properties of the compounds. This analysis visualises how different the compounds 

are to each other despite them obeying the physical-chemical properties rules commonly used in drug discovery. 

 

All these molecules are drug molecules, so they fall in the same region of the chemical space. However, 

there are some compounds that present differences, in Figure 88, compounds located closer together 

tend to be similar to each other than compounds that are located further apart on the plot.  

The values of all the different physical-chemical porperties mentioned above where used to perform 

statistical analysis, to evaluate if a correlation could be found between any of the physcical-chemical 

properties and the ToF-SIMS ionisation signal. To assess this correlation,  scatter plots were gerenated 

for each of the properties and the compound signal intensity in cells, as the plot generated for this data 

matrix is very complex and it would not be intelligible on paper, this data is not show. Only the parwise 

plot with the best p-value and r2 value from the full matrix pairwise plots is shown in Figure 89, however, 

matrix plots were generated for each of the physical-chemical properties evaluated. Despite the poor r2 
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, logD was the parameters that shows the best correlation and given the low p-value, this correlation is 

statistically significant. 

 

Figure 89: Scatter plot presenting the relationship between LogD and compound signal in the cell. The p value is 0.387, and 

the r2 value is 0.3614. 

 

Figure 89 shows the correlation of the distribution constant LogD with the compound SIMS signal in 

the cell, which was found to be the physical-chemical property that had better r2 and p-values when 

correlated with the compound SIMS signal. LogD together with the partition coefficient (LogP) is a 

measurement of lipophilicity. The partition coefficient (LogP) is defined as a measure of a compound’s 

differential solubility when in two immiscible solvents, those solvents are normally octan-1-ol and 

water, and it represents the lipophilicity of neutral compounds.285 Most drug molecules are weak acids 

or bases, which means that they possess at least one site in which a hydrogen atom can associate or 

dissociate to form a negatively charged anion or positively charged cation. LogD takes into 

consideration both neutral and charged forms of the molecule and is thus a better indicator of a good 

pharmaceutical drug molecules. In a cell, the consensus is that the pH is neutral (between 7.0 and 7.4)286, 

several different studies applied different techniques that provided some insight on the matter. Some 
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studied the use of fluorophores287 to address that question; others used complementary techniques such 

as confocal microscopy and electron microscopy.288 Furthermore, some studies even revealed that pH 

dysregulation could be responsible for cancer proliferation.289 However, some organelles have distinct 

pH windows, such as mitochondria with a pH of around 8 and the secretory and endocytic organelles 

in which the pH varies from 4.7 to 6.7.286 This pH variations within the cell, combined with the fact that 

most drug molecules are weak acids or bases, indicate that perhaps logD rather than logP could provide 

a better correlation when looking at compound inside cells using ToF-SIMS. Despite this, traditionally 

LogP is more widely used due to the ease of calculating this property from the greater number of 

software packages that provide calculation algorithms for this property. For example, it is commonly 

known that pharmaceutical drug molecules have a LogP between 0 and 5.5, which means that they are 

lipophilic and therefore more likely to penetrate the cell membrane290.  

In summary, despite not being able to find a true correlation between the feasibly testing matrices and 

the signal of compound in dosed cells, it is safe to say that the neat compound testing is the preferred 

method of testing compound ionization, as it did not prevent any of the studied compound from 

progressing to the cell assay, while if the compounds had only been tested in tissue, cell lysate and liver 

paste, they would have been precluded from the cell assay, despite having been identified in dosed cells 

as shown. Furthermore, this method does not require, tissue, cells or liver past, hence it is cheaper and 

less time consuming. 

In regards to the usage of a physical-chemical property to predict SIMS ionization, yet again, no real 

correlation was found, despite this, LogD was shown to have the best r2 and p-value, this is in 

accordance with the literature,153, as LogD is effectively LogP but taking in consideration the neutrality 

of the cellular pH. 
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7. Results IV: Mycobacterium tuberculosis study using 

mycobacterium bovis (Bacillus Calmette-Guerin, BCG) as a 

TB model  

 

In previous chapters of this thesis it was shown  that ToF-SIMS is a useful tool to detect pharmaceuticals 

inside mammalian cells, and thefore, here, the potential application of ToF-SIMS to visualize a 

pharmaceutical drug inside bacteria is explored. For this, a collaboration with the Disease of the 

Developing World (DDW) TB group at GSK was established. 

According to WHO, Tuberculosis is one of the top 10 causes of death worldwide; they estimate that 

just under half a million people developed drug-resistant TB and in order to fill the resource gap in the 

TB field 2.3 billion dollars need to be spent a year on researching new ways of tackling the disease. For 

these reasons treating TB is extremely important for pharmaceutical companies. In 2011 GSK opened 

a site in Madrid, Spain, that concentrates on drug development for diseases of the developing world and 

most of the TB research is focused  at this GSK site. Scientists at the Tres Cantos site have developed 

several different drugs that are traditionally tested using in-vitro cell death assays. In these assays 

bacterial growth is assessed in a mono baterial culture or as a co-culture with mammalian cells; the 

success of a drug is often measured by it bacterial killing efficiency. The current standard test used to 

assess antimicrobial performance determines how well a drug molecule eradicates the bacteria in 

Mueller-Hinton Broth. Despite this being a crude surrogate for the infection in humans this type of 

measurement provides the scientists with vital information about the efficacy of the compound. 

There are a variety of antibiotics on the market, and their applicability to TB has been discussed in the 

introduction at length, however, with the rise of multi-resistant TB stains we can also appreciate the 

need to develop new antibiotics that either explore the flaws in the bacteria’s biology or the biological 

differences between the bacteria and the host. When microbiologists and chemists seek to develop a 

new antimicrobial they constantly strive to develop a profound knowledge of the target and the 
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mechanism of action of the drug molecule. Nevertheless, drugs still fail due to a variety of reasons, 

including lack of microorganism permeability and/or mammalian host cell permeability. 

Traditionally, bacterial homogenates were prepared after drug dosing and the compound concentration 

is measured by LC-MS/MS. However, as for mammalian cells, this type of bulk measurement does not 

account for extracellular binding, as the drug can potentially bind to the extracellular membrane causing 

no effect on the bacteria but producing a high compound concentration in the assay. ToF-SIMS can 

potentially provide the answer to this question, despite the size of the bacteria, by determining if the 

compound is localised intracellularly. 

As a level 3 containment microorganism, Mycobacterium tuberculosis cannot be used in the lab 

category in which the NPL ToF-SIMS is located, therefore, Mycobacterium bovis the Calmette-Guerin 

strain (BCG) was used as a model in this study as it is classified as requiring containment level 2 in the 

UK. The National Physical Laboratory facility in which these samples were analysed, does not have 

category 2 containment level, however as the bacteria was freeze-dried, all the water content was 

removed from the cells, and this renders the bacteria inactive, allowing these samples to be analysed in 

a category 1 environment. 

Initially, it was essential to replicate the growth of the microorganism both mono and in co-culture with 

macrophage like cells (immortalized macrophages cell line). For this, Green Fluorescent Protein (GFP)-

BCG was grown and co-incubated with NR8383 cells to show the incorporation of BCG in 

macrophages. This was performed by culturing the macrophages as normal and once the cell confluence 

is between 60 to 70% a GFP BCG is added to the mammalian cell culture media so the ratio between 

mammalian cells and bacteria is 1:100. The addition of the Cell tracker dye and Hoechst allows the 

visualization of the mammalian cell, the bacteria were genetically modified to express green fluorescent 

protein, the image of a co-culture of these two organism can be seen in Figure 90. GFP BCG can be 

observed in green (B), the nuclear dye staining the nucleus in blue (C) and the cell outline can be 

visualised by the red dye (D), which was cell tracker. In (A) the bright field image can be seen and in 

(E) the composite image showing the bacteria in green inside macrophages. 
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Figure 90: Optical confocal fluorescence microscopy of NR8383 cells co-cultivated with Green Fluorescent Protein (GFP) 

BCG for 48 hours. (A) bright field image, (B) 561 nm channel GFP BCG, (C) 488 nm channel, Hoechst nuclear stain, (D) 640 

nm channel, cell tracker red, and (E) composite image of the three fluorescence channels.  

 

 

These data indicated that the 1:100 ratio used of bacteria to macrophages provided suitable co-culturing 

conditions. As it can be observed not all the macrophages are able to incorporate the bacteria, which 
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means that even within the same cell population there are phenotypical differences between the cells. 

This point was previously studied in chapter 4, in which it was shown that there were differences in 

compound incorporation within the same cell population. 

The experiment was conducted using both the empty vector (EV) or non-genetically modified and 

genetically modified to overexpress DpRE1 bacteria. These were incubated with GSK compound at 1, 

10 and 50 times the minimum inhibitory concentration (MIC), 3 uM, 30 uM and 150 uM for 

GSK3338058A and 5 uM, 50 uM and 250 uM for GSK2620592A for 48 hours. 

Theoretically, the over-expressing DpRE1 mutant should have an increased accumulation of the 

compound in the cells, as the compound is designed to bind to the target and the mutant bacteria 

expresses more of the target. Therefore, the first experiments were conducted using the DpRE1 over-

expressing bacteria to maximize the chance of visualizing the compound in bacteria. 

 

 

Figure 91: Micro-colonies of the tuberculosis model, Mycobacterium bovis BCG, overexpressing DprE1 incubated for two 

days with GSK3338058A at 10x the MIC (30 µM) grown as a mono-culture. (A)The location of BCG micro-colonies are 

depicted by the white arrows.  The image shows three technical replicates (different areas from the same sample), the scale 

bar is 5 µm (FoV 40x40 µm). (B) Region of the spectrum showing the [M+H]+ of the compound can be seen. 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

192 | P a g e  
 

The results shown in Figure 91 were acquired in high mass resolution mode, the ToF-SIMS generated 

spectra showed a clear peak consistent with the molecular weight of GSK3338058A, as shown in the 

spectra in Figure 92B, in 92A micro-colonies of DpRE1 mutant BCG incubated with GSK3338058A 

at ten times the MIC are shown, as highlighted by the arrows located on the image. For all the samples 

shown in this thesis the cells were fully consumed during the ToF-SIMS analysis. 

The control samples (no compound incubation) do not show the 454 m/z peak, which is the compound 

molecular weight this provided evidence that this mass is compound related. This data indicated that 

ToF-SIMS could be used to analyse bacteria at the micro-colony level. The size of the micro-colonies 

observed in the ToF-SIMS experiment were approximately 5 µm, however it is difficult to estimate the 

number of cells contained in these micro-colonies, as bacteria tend to grow on multiple planes, this is 

in accordance with the literature on colony formation. 291   

 

 

Figure 92: BCG overexpressing DpRE1 incubated for 48 hours with GSK3338058A at 1x the MIC (3 µ M) imaged using 

ToF-SIMS 5. (A) Total ion image for a larger area were several bacterial micro-colonies can be visualized, and on the right is 
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the analogous image, with compound signal only. (B) Spectral representation of the region of the spectrum showing an ion 

consistent with the pseudo-molecular ion of the compound which was not observed in the control only experiment.  

 

Further ToF-SIMS imaging experiments were performed using GSK3338058A at lower compound 

concentrations, such as 1xMIC. In Figure 92, the spectra for GSK3338058A can be observed after 48 

hour incubation at the MIC concentration of approximately 3 µM. As expected, the pseudo-molecular 

ion was much weaker than that observed for the 10x MIC experiment, however, even at a concentration 

that is 10 times reduced from the previous experiment the drug compound was still detectable using 

ToF-SIMS. 

This shows evidence that ToF-SIMS can be used to detect a TB therapy at therapeutic levels, however 

the bacteria shown is DpRE1 mutant and therefore analysis of the unmodified bacteria is crucial to 

determine if the compound can still be visualized using ToF-SIMS in native conditions. 

The main difference between the genetically modified and the empty vector was that the mutant had 

been genetically engineered to over-express the DpRE1 protein, it was known from data generated at 

GSK that GSK3338058A binds to DpRE1. Therefore, a higher compound signal would be expected 

when analysing the mutant when compared to the unmodified bacteria. The data in Figure 93 attempts 

to show that, however, it was challenging to vizualise differences in signal intensity based only on 

images. Figure 93 shows in (A) the DpRe1 mutant bacteria incubated with GSK3338058A at 10x the 

MIC. The main image shows solely the drug related ion while the smaller image besides it shows the 

total ion image. In (B), the empty vector control BCG can be seen, this terminology is often used when 

no changes were performed to the genome of the bacteria, in this image the micro-colonies can also be 

observed. As for (A), the smaller image to the side also shows the corresponding total ion image. As it 

can be observed in the colour scale in Figure 93, the compound intensity is higher for the DpRE1 image 

than the empty vector image, and at 1xMIC the compound cannot be detected in the unmodified 

bacteria, despite being observed in the DpRE1 mutant bacteria, as shown in Figure 92. This indicates 

that if these samples were patient isolates the compound probably would not be detectable, or it would 

only be detectable after a few treatment doses, after the compound had time to accumulate in the 
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bacterial membrane, but before killing the bacteria, at this point it will no longer be observable as the 

treatment causes the bacteria to die by destruction of their cell membrane. 

 

 

 

Figure 93: ToF-SIMS of BCG incubated with 10xMIC GSK3338058 (30 µM) for 48 hours. (A) bacteria over-expressing 

DpRE1, the field of view is 50x50 µm.  (B) Non-mutant empty vector control. The main image shows compound molecular 

ion signal and the smaller images to the side show the total ion image for the same area as the main image. The field of view 

is 100x100 µm. 

 

The images were acquired in a slightly different way, as the field imaged for the empty vector was 

bigger than the one acquired for DpRE1 overexpressing bacteria. This was done to observe multiple 

colonies for both samples, as shown in Figure 92. Choosing the field of view for this type of experiment 

was quite difficult as the bacteria could not be easily seen in the ToF-SIMS optical camera, mammalian 

cells on the other hand were easier to visualise using the ToF-SIMS camera, therefore choosing the area 

to analyse was fairly straight forward. As bacteria are extremely small and the ToF-SIMS camera 

struggles to capture smaller features, larger areas were imaged to ensure some colonies would be present 

in the field of view.  

In addition to this, BCG tends to form colonies, however, one of the objectives was to image a single 

bacterium this could only be achieved by reducing the number of bacteria that were added to the 

substrate, resulting in the number of bacteria in a field of view being sparse, which made the selection 

of the field of view for analysis challenging. 
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There is a clear difference between the total ion image (smaller image to the side of the compound 

image) and the compound only image for the unmodified bacteria (EV), some of the material seen in 

the total ion image is not present in the compound image, this could be due to the fact that for some 

micro-colonies the amount of compound is below the limit of detection of the instrument. Despite this, 

when looking at the image for the compound only, it is clear that the shape of the micro-colonies 

observed is similar in both conditions. This data indicate that uptake of the compound affects the 

shape/growth of the colonies as those colonies without compound signal (Figure 92 pane B) appear as 

thin strands while those containing compound appear to have a rounded shape. Furthermore, activation 

of DpRE1 results in accumulation of the protein in the bacterial cell well, interaction of the compound 

with the protein could affect the way bacteria associate. 

The same series of experiments were performed with GSK2620592A, however the compound signal 

was only observed at 50x the MIC, which equates to (250 µM). This compound’s MIC is higher than 

that of GSK3338058, which could potentially explain why it could only be visualised at 50x the MIC.  

 

 

 

Figure 94: ToF-SIMS DpRE1 mutant BCG incubated with GSK2620592A at 50x the MIC (250 µM). (A) Shows a pictorial 

representation of the signal for 324 m/z for potentially two bacteria, with the total ion image on the right side. The scale bar is 

5 µm. (B) Shows the spectra associated with the compound’s molecular weight region showing the [M+H+] of 324 m/z of the 

compound.  

 

Figure 94A depicts an image acquired in high spatial resolution mode, the main image relates to the 

compound’s [M+H+], 324.20 m/z, and the insert shows the total ion image and in Figure 94B is shown 
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the region of the mass spectrum showing an ion consistent with the compound’s M+H+ acquired in high 

mass resolution mode.  

To reiterate, the concentration used for this experiment was fifty times the minimum inhibitory 

concentration, which equates for this compound to 250 µM and is not representative of a therapeutic 

concentration. For this reason, the subsequent work was performed using GSK3338058A, as it could 

be detected at 1x the MIC, a more realistic therapeutic level of 3 µM.  

As observed in Figure 95, the spatial resolution of the image generated by the ToF-SIMS measurement 

was not sufficient to clearly state that the structures seen are single bacteria. For this reason, correlative 

Atomic Force Microscopy (AFM) experiments were performed prior to the ToF-SIMS experiment in 

the same bacteria.  

 

 

 

Figure 95: Correlative analysis between ToF-SIMS (A and B) and the same bacteria run on the AFM (C). ToF-SIMS total ion 

image (B) as well as the compound molecular ion (A). This image shows potentially two bacterial cells side by side, the AFM 

shows the sample topography, this could be associated to the freeze-drying process these samples have undergone. 

 

Correlative experiments were performed using ToF-SIMS and AFM in which letters (A, B, C) were 

etched, using the FIB gun of the ToF-SIMS 5, on the slide surface to act as a guiding system to facilitate 

localisation of the same bacteria on the AFM microscope and then again on the ToF-SIMS. The letters 

were etched on the glass slide using the FIB gallium beam, a large field of view white light image was 

acquired using the AFM microscope, after that, a higher spatial resolution image was acquired using 

AFM, and a spot was placed on the under-side of the slide using a marker pen to facilitate finding the 
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cell’s location. Once the samples were inserted into the ToF-SIMS, the pen mark was located using the 

instrument camera, the mark A, B or C was then located to analyse the same area that had been analysed 

using AFM. 

Figure 95 shows in C the AFM image and  the ToF-SIMS generated images in A and B, in 90B is the 

total ion image and in 91A is the signal for the compound M+H+ ion. The AFM image indicated that 

the structures identified as bacteria were extremely angular. This could potentially be due to the salts 

from the bateria pior to freeze-drying, however it is more likely that is due to the freeze-drying process 

itself, as seen in chapter 4, the freeze-drying process colapses mammalian cells, therefore, it would be 

expected the same to occur for bacteria. 

 

 

 

Figure 96: BCG DpRE1 incubated for 48hrs with GSK3338058 at 10x the MIC (30 µM) imaged using ToF-SIMS 5. The 

image shows in (A) the total ion image obtained by ToF-SIMS and the compound region of the spectra (454 m/z) acquired in 

the high spatial resolution mode. Scale bar is 2 µm. In (B), the AFM topography image with insert showing detail, the scale 

bar is also 2 µm. In (C) the compound region of the spectra can be observed (454 m/z). The conditions used for the acquisition 

of the images on Figure 95 were the same as Figure 96. 
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The orientation of the sample was different from ToF-SIMS to AFM in some samples, as can be 

observed in Figure 95. Despite this, there was  good correlation between the AFM data and the ToF-

SIMS data, especially when looking at the total ion image. As this image was acquired in high lateral 

resolution mode and as less current was applied the compound signal is low, however it is still detectable 

and it colocalizes with the bacteria. 

Figure 96, provides another example of the correlative analysis using AFM and ToF-SIMS. In this 

image, with the help of the etch markers, the same bacteria that was previously analysed using AFM 

was analysed using ToF-SIMS, as explained above. In addition to the AFM generated images, the total 

ion image and the compound [M+H]+ image are shown together with the region of the mass spectrum 

showing the M+H+. These data prove unequivocally that label-free drugs can be visualised inside 

bacteria using ToF-SIMS. There is a slight change in the orientation of the bacteria in the AFM and 

ToF-SIMS images as once the samples were mounted on the ToF-SIMS holder, it was difficult to 

replicate the exact position in which the AFM images were acquired. This issue is even more evident 

on the second biological replicate, shown in Figure 96. 

In order to determine unequivocally that the compound mass seen in ToF-SIMS at 454 m/z was the 

compound’s molecular ion, and to confirm that the material on the slide was of bacterial origin an 

experiment with the OrbiSIMS was performed, as the data generated by this instrument is accurate to 

below 3 ppm mass accuracy. The OrbiSIMS not only provides imaging capabilities on par with the 

ToF-SIMS 5 but also provides excellent spectral information that results from the superior mass 

resolution associated to Orbitrap analyser. Therefore, the use of this recently developed system was 

investigated not only for exogenous but also endogenous molecules within the bacteria. 

In Figure 97, an OrbiSIMS mass spectrum for the compound incubated DpRE1 genetically modified 

BCG is shown. The OrbiSIMS spectrum is rich in information showing the M+H+ of the compound 

GSK3338058 at m/z 453.2080 compared to a theoretical of 453.19931, a difference of -1.41ppm. The 

isotopic distribution shown in the insert is also consistent with that expected for the compound.  

In addition to the accurate mass of the compound, a large number of masses can also be found in this 

spectrum, and it can be hypothesized that these masses are bacteria related. Orbitrap data mass accuracy 
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is often below 3 ppm, with an external calibrant such as the silver clusters used in the OrbiSIMS, and 

for this reason, all the other species in the spectra could be identified when the masses found were 

searched against metabolites databases. Some of the species identified might be endogenous metabolites 

associated with the microorganism or drug related metabolites. 

 

Figure 97: Full scan OrbiSIMS spectrum of BCG incubated with 10x the MIC of GSK3338058. Insert of the compound’s 

pseudo-molecular ion. On the insert, the isotopic pattern matches the expected pattern for this compound. 

 

The data was processed using an R pipeline described in section 3.14.4 which returned 1870 metabolite 

identifications. The one caveat associated with this type of data is the lack tandem MS, which means 

the identification of the species was solely based on the accurate mass assignment. The data was further 

checked for redundancies and the metabolites were grouped in metabolic pathways. As the visual 

representation of the full KEGG pathway is very complex and unintelligible, the data was filtered based 

on intensity and a table format was generated with the metabolite groups. Showing all the identified 

metabolites would make the table too complex (all the identified metabolites are listed in the annex), 

the table presenting the groups of identified metabolites is shown in Figure 98.  
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In Figure 98, at least one metabolite was identified in each of the metabolic pathways, 190 metabolites 

were associated with amino acid metabolism, shown in red and blue, the results associated 70 of the 

metabolites identified with carbohydrate metabolism, and they can be involved in any of the pathways 

referenced in yellow in Figure 98. Approximately, 53 of the metabolites identified are involved in the 

lipid and energy metabolism and those are represented in green.  A total of 37 of the metabolites 

identified belong to the vitamin and co-factor metabolic pathway represented in sky blue and 20 

metabolites are involved in nucleotide metabolism shown in purple. 

 

 

Figure 98: KEGG obtained BCG metabolite pathways in which at least one metabolite was identified. The pathways in the 

red column relate to aminoacid metabolism, the ones in the yellow column refer to the carbohydrate associated metabolic 

pathways, in green all the pathways identified associated to lipid metabolism can be identified. The nucleotide metabolism 

pathways can be found in purple, the vitamin and co-factor pathways can be seen in the blue column, and in the pink column 

are the metabolic pathways related to bacterial metabolism. 
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The data shown above (Figure 98), as well as the full metabolomics dataset, could then be used to 

compare between undosed control and compound treated bacteria. The data shown is solely for DpRE1 

overexpressing BCG treated with GSK3338058A at 10 times the MIC.  

The pathways identified, as well as the metabolites are mainly from basic metabolic pathways that occur 

in all cells such as carbohydrates, amino acid metabolism and the Tricarboxylic acid (TCA) cycle, such 

as fumarate, malate and succinate. 

The TCA cycle is the building block of life and is more commonly referred to as a series of chemical 

reactions mediated by several different enzymes that occur in aerobic organisms to release energy stored 

through the oxidation of Acetyl-Coenzyme A derived from carbohydrates, proteins and fats.   

The study performed in this chapter provides an example of what could be achieved with high resolution 

OrbiSIMS data, as the mass accuracy and tandem MS capabilities allow us to not only identify the drug 

related material, but also identify endogenous molecules that might provide data to improve 

understanding of the mode of action of the drug. This clearly shows how powerful the OrbiSIMS 

methodology is, and as the data processing capabilities improve so will the confidence on the data 

reported which in turn leads to a better understanding of the system being studied.  

This type of data allows not only the identification of the compound and compound metabolites but the 

identification of endogenous metabolites, in some instances the compound will have a direct effect on 

these metabolites, so it useful to determine which metabolites are changing with compound dosing and 

place that information in the biological context. For example, in this context, the presence of drug should 

reduce the abundance of most metabolites in the TCA cycle as the compound is toxic to the bacteria. 

In summary, ToF-SIMS and OrbiSIMS are valuable in visualizing pharmaceutical compounds in 

bacteria at therapeutic levels. Both instruments have limited spatial resolution and the images generated 

do not offer much details regarding the bacteria morphology (cell wall and nucleus cannot be 

visualized), further correlative work could be performed using EM or NanoSIMS. However, the 

OrbiSIMS, with its excellent mass resolution and accuracy can potentially provide insight on biological 

mechanisms that result from compound incubation by detecting compound induced changes in 

endogenous metabolites. 
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8. Conclusions 

8.1) Summary  

The principal aim of this thesis was to determine if SIMS could be used to probe the distribution of 

pharmaceutical compounds in cells. The ability of SIMS to generate images with cellular resolutions is 

of particular importance in drug discovery, as for an intracellular drug target, it is fundamental to know 

if the drug molecule is able to penetrate the cell. The gold standard techniques used for this purpose 

often need to be used in combination in order to answer this question. MALDI does not have the spatial 

resolution desired, microscopy often requires labels and bulk LC-MS/MS measurements only offer 

intracellular information from bulk cell measurements. 

Chapter 4 described, to my knowledge, the first published instance where a label-free drug molecule 

was visualised inside a cell using ToF-SIMS. In order to achieve this, a well-established model was 

chosen involving rat-derived NR8383 cells. These macrophage-like cells are known to accumulate 

amiodarone due to the disruption of the lipid metabolism that it causes within a cell via its ability to 

inhibit phospholipase A2, resulting in phospholipid laden organelles. This, associated with the good 

ionisation efficiency of amiodarone, meant that this model provided an excellent basis for this proof of 

concept study. The amiodarone [M+H]+ peak was clearly detected and could be used to reconstruct the 

images. Also, the phosphatidylcholine head group could be used as a cellular marker to identify the 

cellular space, while ribose was used as a nuclear marker, due to the fact the nucleus is a ribose rich 

region. 

 This model was thoroughly replicated several times and validated using fluorescence microscopy 

techniques. Despite not being able to visualise the compound using fluorescence microscopy the 

increase in the size of the lysosomes and increased intensity in the fluorescence of lysotracker red were 

used as surrogate biomarker of amiodarone accumulation. The 3D ToF-SIMS data had approximately 

half a micron spatial resolution. Electron microscopy data obtained from freeze-dried cells provided 

evidence that the structural integrity of the cells was preserved even after the procedure, validating the 

sample preparation method developed 
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In chapter 5, the scope of the experiment was expanded to other cell lines that are commonly used in 

drug discovery, by adding the Hek 293, HepG2 and HeLa cells lines. 

The experiments were performed for a high number of cells in the context of ToF-SIMS. To do this, 

two different sample acquisition modes were applied: high mass resolution mode with a high ion beam 

current, and high lateral resolution mode with a low ion beam current. The first was faster while the 

latter produced better quality images. The quality of the images generated in high mass resolution mode 

was perfectly suitable, as the objective was to obtain the cell associated amiodarone signal for all the 

cells studied. The first observation to be made from this data is that there is a high degree of cell-to-cell 

variability, even within the same cell population. Frequency histograms showed a trend towards normal 

distribution, but this was not expected as the cell lines used were immortalized, which means that they 

should be similar both genetically and phenotypically, so the incorporation levels should be similar. 

However, the cells were not synchronised for reasons discussed previously and therefore were at 

different stages of the cell cycle, which may account for some of the variability seen. 

This poses several different questions, for example, if this variability is seen for immortalised cells what 

would the variability be for patient cells. This can lead to other questions such as the relevance of bulk 

cell measurements, since they are an average of the population rather than representative of that 

population. It is interesting that emerging data now appears to support the variation observed, 

highlighting the intrinsic variation in cells. 

The quantitative LC-MS/MS performed on the same samples that were generated for ToF-SIMS 

showed a good correlation between the ToF-SIMS data and the LC-MS/MS data for all cell lines except 

HeLa cells. NR8383 cells and HepG2 cells incorporated the most amiodarone, as per the bulk LC-

MS/MS results at around 2.5 pg/cell. HeLa and Hek293 cells incorporate approximately ten-fold less 

than that, as it would be expected as Hek 293 and HeLa display a much-reduced number of membrane 

transporters when compared with NR8383 and HepG2 cells. When analysing the ToF-SIMS data the 

cell associated amiodarone signal for HeLa cells is much stronger than the LC-MS/MS results would 

suggest. This could potentially be explained by the fact that HeLa cells are less complex, due to the 

absence of some transporters, than the other cells studied. This means that the ToF-SIMS matrix 
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suppression effects would be less for these cells, which could manifest itself as a relatively high cell 

associated amiodarone ToF-SIMS signal for this cell line. 

In chapter 6, the test of the applicability of ToF-SIMS in drug discovery was extended to the analysis 

of different drug molecules. A set of twenty compounds, all with very different physical-chemical 

properties were studied. HepG2 cells were incubated with these compounds at a concentration of 10 

µM for 2 hours and then the samples were analysed using ToF-SIMS. Approximately half of the 

compounds were detected intracellularly in HepG2. To understand the reason why the signal for some 

compounds could be detected while others could not, the compounds were also tested in different 

matrices: neat, spotted on tissue, using the models described by Vorng et al., the compound mixed with 

HepG2 cell lysate and finally in HepG2 cells. Statistical analysis of the data was employed and the 

signal from the neat compound was identified as having the best correlation with the ToF-SIMS signal 

obtained from the compounds incubated with cells. Therefore, the usage of this method is recommended 

in the future when testing compounds for ToF-SIMS prior to cell incubation experiments. 

When performing statistical analysis to correlate the different measured and experimental physical-

chemical properties of the compounds and their ToF-SIMS signal, the property that produced the best 

correlation was LogD. This result is in accordance with previous data from Vorng et al., that stated that 

LogP was the measurement that had best aligned with ToF-SIMS signal for the compounds studied in 

their liver paste model. Both LogD and LogP are measurements of lipophilicity, however, LogD 

accounts for pH, which is quite crucial since most drug molecules are weak bases or weak acids. 

In chapter 7, the ToF-SIMS spatial resolution was tested by attempting to visualise compound inside 

bacteria. Bacteria are typically 2 µm by 1 µm, which can pose a challenge to ToF-SIMS analysis. 

Using both high mass resolution methods, to confirm the identity of the compound, and high spatial 

resolution methods, two GSK drugs were detectable in BCG. One of these drugs was even detected at 

a therapeutic level. Furthermore, by making use of the impressive mass resolution capabilities of the 

OrbiSIMS, endogenous metabolites were identified using an internal GSK metabolite identification 

pipeline. This proof of concept study shows that the OrbiSIMS is a powerful tool, and the ability to 

perform metabolomics and can potentially provide crucial information on the effects the compound is 
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having on the organism after treatment. Additional work could be performed and expand this approach 

to mammalian cells.  

This thesis demonstrates a wide variety of applications in drug discovery that SIMS is suitable for. 

Correlative techniques need to be used in additions to this mass spectrometry imaging technique in 

order to validate the results. I have demonstrated that SIMS is a very useful technique that can be used 

to inform drug discovery at several stages. 

 

8.2) Future Perspective 

The ability to determine if a compound is located intracellularly is of vital importance to drug discovery, 

it addresses what is known as the first pillar of drug discovery: is the drug reaching the target? Confocal 

fluorescence microscopy is often used to address this question, however the addition of a fluorescent 

label to a small molecule, often similar in mass to the drug itself, changes the physical-chemical 

properties of the drug which can interfere with the drug’s behaviour.  ToF-SIMS has the advantage of 

allowing the detection of compounds intracellularly in a label-free way, however there are some 

drawbacks associated to the technique, such as the limited number of compounds that can be detected 

intracellularly when the cells are incubated at therapeutic level, the success rate is approximately half. 

The obvious improvement that can be envisaged is an increase in ionized material, by post-laser 

ionization or other mechanisms that would increase the number of ionized species, making the 

instrument more sensitive. Another possible improvement regarding increased ionization could be the 

development of ion guns that would make the sputter/ ionization process more efficient. 

The other major limitation of ToF-SIMS is spatial resolution, despite the sub-µm resolution, the current 

resolution of the instrument is not sufficient to pin-point the compound localization at an organelle 

level, that information would be invaluable in drug discovery, as organelle associated toxicity and 

organelle compound accumulation could easily be detected with improved spatial resolution. 

Improvements in this field will have to surface as different ion guns are developed, those ion guns 

would have to be both highly focused at around 10nm and gentle enough not to cause molecular damage 

to the sample. 
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The OrbiSIMS is already a great improvement on ToF-SIMS, the hybrid instrument has exceptional 

mass resolution and accuracy, as well as allowing for fragmentation data to be acquired, however, 

currently that process is extremely manual, and the ions have to be intense in order to be fragmented. 

A significant and realistic improvement on this, would be increasing the transmission to the Orbitrap, 

and allowing the analyser to automatically fragment, for instance the Top10 most intense ions per scan. 

I believe that if these improvements could be achieved, SIMS would be a very useful technique that 

could span all stages of drug discovery, from early research, determining in which organelle a drug 

accumulates, to analysing drug formulations in order to assess if the active pharmaceutical ingredient 

in the formulation is distributed in the best way to increase its bioavailability. However, SIMS faces 

strong competition from techniques like MALDI, as the spatial resolution of the technique improves, 

researchers currently claim it to be 1µm, there only main differences between the techniques are: the 

reduced sample preparation of SIMS, as a matrix is not required, saving therefore time and reagents; 

and the fact that SIMS provides 3-dimensional information, while MALDI only provides 2-dimensional 

information. 

Currently, as both techniques are still being developed, I believe them to be complementary and MALDI 

can be used as a way to quickly interrogate a sample, for instance by determining in which areas of an 

organ the compound is localized. Then, SIMS can be used to probe the sample further, for instance by 

determining what cell type within a tissue the compound is associated to.  

Presently, the OrbiSIMS is probably the most versatile SIMS instrument, as it possesses all the 

capabilities of the newest version of a ToF-SIMS associated to the increased mass resolution, accuracy 

and fragmentation capabilities of the Orbitrap analyser. However, these are significant improvements 

on the horizon, researchers and manufacturers need to continue to work together in order to keep 

innovating to deliver instruments that allow researchers to answer the next question sooner. 
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Annex 

Reagents list 

Reagent/ Media Reference Manufacturer Purpose 

F-12K Nutrient Mixture 

Kaighn’s Modification media  

21127-022 Gibco NR8383 cells growth 

media 

Heat inactivated Fetal Bovine 

Serum  (FBS)  

10100-147 Gibco All media supplement 

Nunc Lab-Tek II Chamber 

slide system 

C6807 Thermo Cell growth chambers 

Ammonium Formate 70222 Sigma Cell washing buffer 

Amiodarone A8426-5G Sigma Drug 

4 % Parafix solution   PRC/R/38 Pioneer 

Research 

Chemicals 

Fixative agent prior to 

HE staining 

Harris ‘modified 

haematoxylin 

HHS32-1L Sigma HE reagent 

Acid alcohol 

 

56694-100ML-F Sigma HE reagent 

Eosin HT110232 Sigma HE reagent 

Ethanol 51976 Sigma HE reagent 

DPX mountant for histology 06522-100ML Sigma  

Lysotracker red L7528 Life 

technologies 

Fluorescence 

microscopy  

DAPI with Fluoroshield F6057 Sigma Fluorescence 

microscopy  

Greiner 96 well u-clear plate 655090 Greiner Bio-one Fluorescence 

microscopy 

Hoechst 33342 H3570 Thermo Fluorescence 

microscopy 

Lysotracker Red DND-99 L7528 Thermo Fluorescence 

microscopy 
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PBS 10010015 Gibco Cell wash 

Cell Tracker Red CMTPX C34552 Thermo Fluorescence 

microscopy 

Petri dishes (170 µm bottom 81158 Ibidi Fluorescence 

microscopy 

Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-

12 

31331 Gibco HeLa cells growth 

media 

cOmplete™, Mini, EDTA-free 

Protease Inhibitor Cocktail 

 

000000004693159001 Roche Proteomics buffer 

Urea U5128 Sigma Proteomics buffer 

Dithiothreitol D0632 Sigma Proteomics sample 

preparation 

Iodoacetamide I1149 Sigma Proteomics sample 

preparation 

Ammonium Bicarbonate 09830 Sigma Proteomics sample 

preparation 

LC-MS Water Optima W61 Thermo LC-MS/MS 

LC-MS acetonitrile Optima A9551 Thermo LC-MS/MS 

Nunc cell scraper 179707 Thermo Cell culture 

Methanol HPLC grade 494291 Sigma Lipid preparation 

Chloroform 1601383 Sigma Lipid preparation 

ProNet cell lysis buffer Tris 

pH7.6 

NA ESI Source 

Solution 

Cell lysis 

Acquity UPLC BEH C18 1.7 

µm 2.1x50 mm 

176000863 Waters LC-MS/MS 

Acquity UPLC BEH C18 

VanGuard cartridge 1.7 µm 

2.1x5 mm 

1760003975 Waters LC-MS/MS 

DMSO 276855 Sigma Solvent 

Middlebrook 7H9 M0178 Sigma BCG media 
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ADC supplement M0553 Sigma BCG media 

Tween 80 P8074 Sigma BCG media 

Chloroquine  C6628 Sigma Compound 
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LC-MS/MS Lipid method 
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Mobile phase A: 10mM ammonium formate, 0.1% formic acid 60% acetonitrile and 40% water 

Mobile phase B: 10mM ammonium formate, 0.1% formic acid 90% 2-isopropanol and 10% 

acetonitrile 

Column: Accucore C18, 2.6um, 150A 75umx15 cm (ES811, Thermo) 

 

LipidSearch parameters 

Target database: QExactive 

Search type: Product 

Experiment type: LC-MS 

Precursor tolerance: 5ppm 

Product tolerance 8 ppm 

Intensity threshold of the product ion : 5% 

m-score threshold: 3 

M/z tolerance: +/-5 ppm 

Retention time rande (min):+/-1 

Main node filter: Main isomer peak 

m-score threshold display: 3 

ID quality filter: A, B, C and D 
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BCG drug resistance 

Table: First- and second-line drugs, MICs and mechanisms of drug resistance 

Drug MIC (mg/L) Gene Role of gene product 

Isoniazid 
0.02–0.2 
(7H9/7H10) 

katG catalase/peroxidase 

inhA enoyl reductase 

ahpC 
alkyl hydroperoxide 
reductase 

Rifampicin 
0.05–0.1 
(7H9/7H10) 

rpoB 
β-subunit of RNA 
polymerase 

Pyrazinimide 16–50 (LJ) pncA PZase 

Streptomycin 2–8 (7H9/7H10) 

rpsL S12 ribosomal protein 

rrs 16S rRNA 

gidB 
7-methylguanosine 
methyltransferase 

Ethambutol 1–5 (7H9/7H10) embB arabinosyl transferase 

Fluoroquinolones 0.5–2.0 (7H9/7H10) gyrA/gyrB DNA gyrase 

Kanamycin 2–4 (7H9/7H10) 

rrs 16S rRNA 

eis 
aminoglycoside 
acetyltransferase 

Amikacin 2–4 (7H9/7H10) rrs 16S rRNA 

Capreomycin 2-4 (7H9/7H10) 
rrs 16S rRNA 

tylA rRNA methyltransferase 

Ethionamide 2.5–10 (7H11) inhA enoyl reductase 

p-aminosalicylic acid 0.5 (LJ) thyA thymidylate synthase A 
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Positive and negative secondary ions used for Orbitrap MS 

calibration. 
 

Cluster m/z [Agn]+ m/z [Agn]- 

107Ag 106.9045 106.9056 

109Ag 108.9042 108.9053 

107Ag109Ag 215.8093 215.8104 

107Ag2
109Ag 322.7144 322.7155 

107Ag3
109Ag2 538,5242 538.5253 

107Ag4
109Ag3 754.3341 754.3352 

107Ag5
109Ag4 970.1439 970.1450 

107Ag6
109Ag5

 1185.9538 1185.9549 

107Ag7
109Ag6

 1401.7636 1401.7647 
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GSK Measured physical-chemical properties of compounds 
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G

W

6

0

7

1

1

7

X 

1797

6 
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3.98 

2 4 6.92 Wea

k 

Base 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

230 | P a g e  
 

2

8

5

2

5

X 

G

W

8

3

7

3

3

1

X 

1709

1 

7.5 6 - 9 2 6.37 6.26 - 

6.54 

3 3.66 3.6 - 

3.76 

3 3.81 6.61 Neut

ral 

G

W

8

6

9

8

1

0

X 

4061 59.33 34 - 

78 

3 4.73 3.24 - 

5.53 

3 2.66 1.74 - 

3.15 

3 
   

S

B

-

2

5

4

1

6

9 

1709

1 

204 
 

1 2.23 
 

1 1.12 
 

1 2 3.66 Basi

c 

S

B

-

7

3

5

4

6

5 

1709

1 

12.5 10 - 

15 

2 4.43 4.43 - 

4.43 

2 2.47 2.47 - 

2.47 

2 2.62 4.67 Neut

ral 

S

B

-

6

7

5

2

5

9

M 

             

S

B

-

6

8

6

7

0

9

A 

             

 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

231 | P a g e  
 

C

M

P

D

_

N

U

M

B

E

R 

 
PH

YS

C

HE

M_

SU

M

M

AR

Y.

PF

I 

PHY

SCH

EM_

SUM

MAR

Y.PC

T_C

HAN

CE_L

OW_

SOL 

PHYS

CHE

M_S

UMM

ARY.

PER

M_N

UM_

PH7_

4_ME

AN 

PHYS

CHE

M_SU

MMA

RY.P

ERM

_NU

M_P

H7_4

_RAN

GE 

PHY

SCH

EM_

SUM

MAR

Y.PE

RM_

NUM

_PH7

_4_N 

PHY

SCH

EM_

SUM

MAR

Y.HS

A_P

CT_

BIND

_ME

AN 

PHY

SCH

EM_

SUM

MAR

Y.HS

A_PC

T_BI

ND_

RAN

GE 

PHY

SCH

EM_

SUM

MA

RY.

HSA

_PC

T_BI

ND_

N 

PHY

SCH

EM_

SUM

MA

RY.

LOG

K_H

SA_

ME

AN 

PHY

SCH

EM_

SUM

MAR

Y.AG

P_PC

T_BI

ND_

MEA

N 

PHY

SCH

EM_

SUM

MAR

Y.AG

P_PC

T_BI

ND_

RAN

GE 

PHY

SCH

EM_

SUM

MA

RY.

AGP

_PC

T_BI

ND_

N 

PHY

SCH

EM_

SUM

MA

RY.

LOG

K_A

GP_

ME

AN 

C

C

I1

2

0 

 
5.7

3 

10 48 
 

1 98.6 94.3 - 

99.7 

445 1.611

12 

59.7 23.4 - 

88.2 

304 0.16 

GR9

2424

X 

7.9

5 

30 255 200 - 
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69 

3 0.28 
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4450

14X 

6.5

4 
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1 
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5597
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93 
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41.22 2.32 0 3.67 0.357 2.28 1.44 2.6 101 1.074 92.229 

GW445014X 
          

G

W
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97

68

X 

36.93 2.12 0 6.02 0.109 1.29 1.22 1.17 94.6 1.282 95.034 

G

W

56

14
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X 

43.27 2.41 0 1.43 0.163 1.46 1.84 
    

GW568326X 
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G

W
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17

X 
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G

W
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45

A 

GW828525X 
 

0 
        

G

W
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73
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X 

47.99 2.63 0 0.775 0.589 3.88 2.11 
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Calculated physical-chemical properties of compounds 
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al 
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1 
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GW61

6030

X 

 
3.84 2.66 6.35 0.31 0.06 4.56 4.56 5.21 

GW80

7982

X 

12.4 1.88 
 

7.79 0.38 0.09 4.47 4.47 5.07 

GW81

7394

X 

12.91 4.94 3.18 6.52 0.39 0.1 3.78 3.93 5.15 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

235 | P a g e  
 

GW81

7396

X 

13.04 5.01 3.32 6.47 0.39 0.1 3.83 3.93 5.16 

GW81

9077

X 

12.83 1.88 
 

7.56 0.35 0.09 5.87 5.87 5.12 

GW82

4645

A 

10.26 3.19 
 

3.4 0.35 0.35 2.59 2.59 4.84 

GW82

8525

X 

13.28 1.73 
 

6.84 0.32 0.08 5.38 5.38 5.13 

GW83

7331

X 

11.65 5.47 
 

6.4 0.26 0.09 4.27 4.28 5.2 

GW86

9810

X 

 
8.25 1.63 5.26 0.25 0.12 4.57 5.48 5.55 

SB-

25416

9 

 
10.13 4.71 2.15 0.46 0.08 0.33 2.95 5.18 

SB-

67525

9M 

9.69 4.21 0.1 1.33 0.66 0.26 0.89 0.89 4.95 

SB-

68670

9A 

9.68 8.94 
 

1.92 0.4 0.2 0.78 2.01 5.27 

SB-

73546

5 

11.37 0.22 
 

4.6 0.24 0.24 3.84 3.84 4.94 

 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

236 | P a g e  
 

origi

nal 
profile_c

xn.logd_

pH20 

profile_c

xn.logd_

pH55 

profile_c

xn.logd_

pH65 

profile_c

xn.logd_

pH74 

profile_c

xn.logd_

pH110 

testC

XN.cl

ogp 

testCXN.

ApKa1_m

odified 

testCXN.

BpKa1_m

odified 

testCXN.ac

idic_ionise

d_form 

CCI1

20 

3.52 1.83 0.89 0.27 0 3.53 3.8 0 99.97 

GW4

4501

4X 

2.52 3.37 3.38 3.38 3.38 3.38 13.66 3.39 0 

GW5

5976

8X 

1.28 1.64 2.25 2.55 1.64 2.62 10.04 6.68 0.11 

GW5

6143

6X 

3.33 4.26 4.26 4.26 4.26 4.26 14 2.97 0 

GW5

6832

6X 

3.44 4.51 4.52 4.52 4.52 4.52 14 3.19 0 

GW6

0711

7X 

4.21 4.21 4.21 4.21 3.95 4.21 11.04 0 0.02 

GW6

1603

0X 

2.25 4.55 4.56 4.56 4.56 4.56 14 3.84 0 

GW8

0798

2X 

4.24 4.47 4.47 4.47 4.45 4.47 12.4 1.88 0 

GW8

1739

4X 

0.73 3.67 3.77 3.78 3.77 3.93 12.91 4.94 0 

GW8

1739

6X 

0.59 3.71 3.82 3.83 3.83 3.93 13.04 5.01 0 

GW8

1907

7X 

5.63 5.87 5.87 5.87 5.86 5.87 12.83 1.88 0 

GW8

2464

5A 

1.37 2.59 2.59 2.59 1.98 2.59 10.26 3.19 0.13 

GW8

2852

5X 

5.2 5.38 5.38 5.38 5.38 5.38 13.28 1.73 0 

GW8

3733

1X 

2.12 3.99 4.24 4.27 4.19 4.28 11.65 5.47 0 

GW8

6981

0X 

2.08 2.85 3.74 4.57 5.48 5.48 14 8.25 0 

SB-

2541

69 

-1.35 -0.34 -0.15 0.33 2.89 2.95 14 10.13 0 

SB-

6752

59M 

-0.07 0.87 0.89 0.89 -0.3 0.89 9.69 4.21 0.48 

SB-

6867

09A 

-1.04 -0.78 -0.07 0.78 1.17 2.01 9.68 8.94 0.26 

SB-

7354

65 

3.83 3.84 3.84 3.84 3.69 3.84 11.37 0.22 0.01 

 

 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

237 | P a g e  
 

CMPD_

NUMBE

R 

PH

YS

CH

EM

_SU

MM

AR

Y.L

AST

_CL

ND_

PID 

PHY

SCH

EM_

SUM

MA

RY.

CLN

D_C

ONC

_UM

_ME

AN 

PHY

SCH

EM_

SUM

MAR

Y.CL

ND_

CON

C_U

M_R

ANG

E 

PHY

SCH

EM_

SU

MM

AR

Y.C

LND

_CO

NC_

UM

_N 

PHY

SCH

EM_

SUM

MAR

Y.CH

ROM

_LO

GD_

PH74

_ME

AN 

PHY

SCH

EM_

SUM

MAR

Y.CH

ROM

_LO

GD_P

H74_

RAN

GE 

PHY

SCH

EM_

SUM

MA

RY.

CHR

OM_

LOG

D_P

H74_

N 

PHY

SCH

EM_

SUM

MA

RY.

CHI

_LO

GD_

PH7

4_M

EAN 

PHY

SCH

EM_

SUM

MAR

Y.C

HI_L

OGD

_PH7

4_R

ANG

E 

PHY

SCH

EM_

SU

MM

AR

Y.C

HI_

LO

GD_

PH7

4_N 

PH

YSC

HE

M_S

UM

MA

RY.

CHI

_LO

GP_

ME

AN 

PH

YS

CH

EM

_SU

MM

AR

Y.C

HR

OM

_L

OG

P 

PH

YS

CH

EM

_SU

MM

AR

Y.A

CID

_O

R_B

ASE 

CCI120 180

29 

554 
 

3 2.73 2.24 - 

6.17 
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3 1.85 3.41 Neut

ral 

GW8285

25X 

179

76 

18 14 - 

22 

2 6.83 6.78 - 

6.88 

2 3.95 3.91 - 

3.98 

2 4 6.92 Wea

k 

Base 

GW8373

31X 

170

91 

7.5 6 - 9 2 6.37 6.26 - 

6.54 

3 3.66 3.6 - 

3.76 

3 3.81 6.61 Neut

ral 

GW8698

10X 

406

1 

59.33 34 - 

78 

3 4.73 3.24 - 

5.53 

3 2.66 1.74 - 

3.15 

3 
   

SB-

254169 

170

91 

204 
 

1 2.23 
 

1 1.12 
 

1 2 3.66 Basi

c 

SB-

735465 

170

91 

12.5 10 - 

15 

2 4.43 4.43 - 

4.43 

2 2.47 2.47 - 

2.47 

2 2.62 4.67 Neut

ral 

SB-

675259M 

             

SB-

686709A 
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List of metabolites identifies in BCG sample using the OrbiSIMS  

ion 
m/z Metabolite name 

Sum 
formula 

KEG
G ID 

theore
tical 
m/z 

delta 
(amu) 

delta 
(ppm) 

Isotopol
ogue 
pattern 
MRE 

70.06
561 1-Pyrroline C4H7N 

C156
68 

70.065
13 

0.000
48 

6.847
559 #N/A 

72.08
122 Pyrrolidine C4H9N   

72.080
78 

0.000
449 

6.232
964 #N/A 

73.04
725 Acrylamide C3H5NO 

C016
59 

73.047
74 

-
0.000

5 

-
6.807

03 #N/A 

75.02
649 2-Propene-1-thiol C3H6S   

75.026
3 

0.000
195 

2.604
651 

0.34234
3 

75.02
649 1-Propene-1-thiol C3H6S   

75.026
3 

0.000
195 

2.604
651 

0.34234
3 

77.04
212 Ethyl methyl sulfide C3H8S   

77.041
95 

0.000
173 

2.241
997 #N/A 

77.04
212 2-Propanethiol C3H8S 

C083
91 

77.041
95 

0.000
173 

2.241
997 #N/A 

77.04
212 1-Propanethiol C3H8S 

C083
90 

77.041
95 

0.000
173 

2.241
997 #N/A 

77.04
212 Glycine C2H5NO2 

C000
37 

77.042
66 

-
0.000

54 

-
7.003

56 #N/A 

77.04
212 Ethyl nitrite C2H5NO2   

77.042
66 

-
0.000

54 

-
7.003

56 #N/A 

78.04
679 Glycine C2H5NO2 

C000
37 

78.046
01 

0.000
78 

9.994
874 #N/A 

78.04
679 Ethyl nitrite C2H5NO2   

78.046
01 

0.000
78 

9.994
874 #N/A 

81.00
061 Chloroacetaldehyde C2H3ClO   

81.001
23 

-
0.000

62 

-
7.645

82 #N/A 

81.00
1 Chloroacetaldehyde C2H3ClO   

81.001
23 

-
0.000

23 

-
2.846

59 #N/A 

81.04
509 Pyrimidine C4H4N2 

C003
96 

81.044
72 

0.000
363 

4.478
819 

0.37022
9 

81.04
509 Pyrazine C4H4N2 

C020
18 

81.044
72 

0.000
363 

4.478
819 

0.37022
9 

82.04
841 Pyrimidine C4H4N2 

C003
96 

82.048
08 

0.000
33 

4.024
074 

0.37022
9 

82.04
841 Pyrazine C4H4N2 

C020
18 

82.048
08 

0.000
33 

4.024
074 

0.37022
9 

82.06
547 1-Methylpyrrole C5H7N   

82.065
13 

0.000
344 

4.185
869 #N/A 
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82.06
547 2-Methylpyrrole C5H7N   

82.065
13 

0.000
344 

4.185
869 #N/A 

83.02
949 N-Methylformamide C2H5NO 

C114
89 

83.029
69 

-
0.000

19 

-
2.314

16 #N/A 

83.02
949 Acetaldehyde oxime C2H5NO 

C026
58 

83.029
69 

-
0.000

19 

-
2.314

16 #N/A 

83.02
949 Acetamide C2H5NO 

C062
44 

83.029
69 

-
0.000

19 

-
2.314

16 #N/A 

83.03
69 Acetone C3H6O 

C002
07 

83.037
79 

-
0.000

89 

-
10.70

68 #N/A 

83.03
69 Propanal C3H6O 

C004
79 

83.037
79 

-
0.000

89 

-
10.70

68 #N/A 

83.03
69 Methyloxirane C3H6O 

C155
08 

83.037
79 

-
0.000

89 

-
10.70

68 #N/A 

83.03
69 Allyl alcohol C3H6O 

C020
01 

83.037
79 

-
0.000

89 

-
10.70

68 #N/A 

83.04
946 2-Methylfuran C5H6O   

83.049
14 

0.000
32 

3.856
652 #N/A 

83.04
946 2,4-Pentadienal C5H6O   

83.049
14 

0.000
32 

3.856
652 #N/A 

84.03
284 N-Methylformamide C2H5NO 

C114
89 

84.033
04 

-
0.000

2 

-
2.368

22 #N/A 

84.03
284 Acetaldehyde oxime C2H5NO 

C026
58 

84.033
04 

-
0.000

2 

-
2.368

22 #N/A 

84.03
284 Acetamide C2H5NO 

C062
44 

84.033
04 

-
0.000

2 

-
2.368

22 #N/A 

84.04
47 Guanidine CH5N3 

C173
49 

84.044
27 

0.000
426 

5.069
549 #N/A 

84.05
594 5-Aminoimidazole C3H5N3 

C052
39 

84.055
62 

0.000
315 

3.749
996 #N/A 

84.08
11 

(+)-2,3-Dihydro-3-methyl-1H-
pyrrole C5H9N   

84.080
78 

0.000
327 

3.894
216 

0.34745
7 

84.08
11 Pentanenitrile C5H9N   

84.080
78 

0.000
327 

3.894
216 

0.34745
7 

84.96
001 Dichloromethane CH2Cl2 

C022
71 

84.960
63 

-
0.000

62 

-
7.346

67 #N/A 

84.96
001 Carbon dioxide CO2 

C000
11 

84.959
7 

0.000
31 

3.653
268 #N/A 
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85.00
759 Dimethylsulfide C2H6S 

C005
80 

85.008
24 

-
0.000

65 

-
7.678

51 #N/A 

85.00
759 Boric acid (H3BO3) BH3O3 

C124
86 

85.006
74 

0.000
844 

9.925
296 

326.250
9 

85.03
994 Imidazolone C3H4N2O 

C061
95 

85.039
64 

0.000
3 

3.524
469 #N/A 

85.08
443 

(+)-2,3-Dihydro-3-methyl-1H-
pyrrole C5H9N   

85.084
13 

0.000
302 

3.551
844 

0.34745
7 

85.08
443 Pentanenitrile C5H9N   

85.084
13 

0.000
302 

3.551
844 

0.34745
7 

86.06
033 2-Pyrrolidinone C4H7NO 

C111
18 

86.060
04 

0.000
293 

3.404
977 #N/A 

86.06
72 Methyl propenyl ketone C5H8O   

86.068
15 

-
0.000

95 

-
10.98

95 #N/A 

86.06
72 Cyclopentanone C5H8O 

C005
57 

86.068
15 

-
0.000

95 

-
10.98

95 #N/A 

86.06
72 3-Methyl-3-buten-2-one C5H8O   

86.068
15 

-
0.000

95 

-
10.98

95 #N/A 

86.06
72 2-Pentenal C5H8O   

86.068
15 

-
0.000

95 

-
10.98

95 #N/A 

86.06
72 4-Penten-2-one C5H8O   

86.068
15 

-
0.000

95 

-
10.98

95 #N/A 

86.06
72 1-Penten-3-one C5H8O   

86.068
15 

-
0.000

95 

-
10.98

95 #N/A 

86.06
72 4-Pentenal C5H8O   

86.068
15 

-
0.000

95 

-
10.98

95 #N/A 

86.06
72 xi-2,3-Dihydro-3-methylfuran C5H8O   

86.068
15 

-
0.000

95 

-
10.98

95 #N/A 

86.06
72 2,3-Dihydro-4-methylfuran C5H8O   

86.068
15 

-
0.000

95 

-
10.98

95 #N/A 

86.09
675 Piperidine C5H11N 

C017
46 

86.096
43 

0.000
32 

3.715
022 

0.47483
6 

87.10
005 Piperidine C5H11N 

C017
46 

87.099
78 

0.000
268 

3.081
983 

0.47483
6 

89.05
894 Isobutyric acid C4H8O2 

C026
32 

89.059
71 

-
0.000

77 

-
8.601

18 #N/A 

89.05
894 Methyl propionate C4H8O2   

89.059
71 

-
0.000

77 

-
8.601

18 #N/A 
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89.05
894 Ethyl acetate C4H8O2 

C008
49 

89.059
71 

-
0.000

77 

-
8.601

18 #N/A 

89.05
894 1-Hydroxy-2-butanone C4H8O2   

89.059
71 

-
0.000

77 

-
8.601

18 #N/A 

89.05
894 Propyl formate C4H8O2   

89.059
71 

-
0.000

77 

-
8.601

18 #N/A 

89.05
894 Isopropyl formate C4H8O2   

89.059
71 

-
0.000

77 

-
8.601

18 #N/A 

89.05
935 Isobutyric acid C4H8O2 

C026
32 

89.059
71 

-
0.000

35 

-
3.978

12 #N/A 

89.05
935 Methyl propionate C4H8O2   

89.059
71 

-
0.000

35 

-
3.978

12 #N/A 

89.05
935 Ethyl acetate C4H8O2 

C008
49 

89.059
71 

-
0.000

35 

-
3.978

12 #N/A 

89.05
935 1-Hydroxy-2-butanone C4H8O2   

89.059
71 

-
0.000

35 

-
3.978

12 #N/A 

89.05
935 Propyl formate C4H8O2   

89.059
71 

-
0.000

35 

-
3.978

12 #N/A 

89.05
935 Isopropyl formate C4H8O2   

89.059
71 

-
0.000

35 

-
3.978

12 #N/A 

89.06
012 Isobutyric acid C4H8O2 

C026
32 

89.059
71 

0.000
416 

4.665
451 #N/A 

89.06
012 Methyl propionate C4H8O2   

89.059
71 

0.000
416 

4.665
451 #N/A 

89.06
012 Ethyl acetate C4H8O2 

C008
49 

89.059
71 

0.000
416 

4.665
451 #N/A 

89.06
012 1-Hydroxy-2-butanone C4H8O2   

89.059
71 

0.000
416 

4.665
451 #N/A 

89.06
012 Propyl formate C4H8O2   

89.059
71 

0.000
416 

4.665
451 #N/A 

89.06
012 Isopropyl formate C4H8O2   

89.059
71 

0.000
416 

4.665
451 #N/A 

90.04
665 3-Isoxazolidinone C3H5NO2   

90.046
01 

0.000
633 

7.031
999 #N/A 

91.05
763 2-Methyl-1-propanethiol C4H10S   

91.057
6 

3.11E
-05 

0.341
366 

0.66013
1 

91.05
763 Diethyl sulfide C4H10S 

C022
72 

91.057
6 

3.11E
-05 

0.341
366 

0.66013
1 

91.05
763 2-(Methylthio)propane C4H10S   

91.057
6 

3.11E
-05 

0.341
366 

0.66013
1 
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91.05
763 Beta-Alanine C3H7NO2 

C000
99 

91.058
31 

-
0.000

68 

-
7.481

11 #N/A 

91.05
763 L-Alanine C3H7NO2 

C000
41 

91.058
31 

-
0.000

68 

-
7.481

11 #N/A 

91.05
763 Sarcosine C3H7NO2 

C002
13 

91.058
31 

-
0.000

68 

-
7.481

11 #N/A 

91.05
763 D-Alanine C3H7NO2 

C001
33 

91.058
31 

-
0.000

68 

-
7.481

11 #N/A 

91.05
763 Ethyl carbamate C3H7NO2 

C015
37 

91.058
31 

-
0.000

68 

-
7.481

11 #N/A 

92.02
452 1-Mercapto-2-propanone C3H6OS   

92.024
57 

-4.7E-
05 

-
0.506

15 #N/A 

92.02
452 S-Methyl thioacetate C3H6OS   

92.024
57 

-4.7E-
05 

-
0.506

15 #N/A 

92.02
452 (E)-1-Propene-1-sulfenic acid C3H6OS   

92.024
57 

-4.7E-
05 

-
0.506

15 #N/A 

92.02
452 (Methylthio)acetaldehyde C3H6OS   

92.024
57 

-4.7E-
05 

-
0.506

15 #N/A 

92.02
452 

Thial-1-Propene-1-thiol S-
oxide C3H6OS 

C083
89 

92.024
57 

-4.7E-
05 

-
0.506

15 #N/A 

92.03
715 3-Butenenitrile C4H5N   

92.038
13 

-
0.000

97 

-
10.58

95 #N/A 

92.03
715 Pyrrole C4H5N 

C199
07 

92.038
13 

-
0.000

97 

-
10.58

95 #N/A 

92.06
096 2-Methyl-1-propanethiol C4H10S   

92.060
95 

7.82E
-06 

0.084
998 

0.66013
1 

92.06
096 Diethyl sulfide C4H10S 

C022
72 

92.060
95 

7.82E
-06 

0.084
998 

0.66013
1 

92.06
096 2-(Methylthio)propane C4H10S   

92.060
95 

7.82E
-06 

0.084
998 

0.66013
1 

92.06
096 Beta-Alanine C3H7NO2 

C000
99 

92.061
66 

-
0.000

7 

-
7.652

22 #N/A 

92.06
096 L-Alanine C3H7NO2 

C000
41 

92.061
66 

-
0.000

7 

-
7.652

22 #N/A 
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92.06
096 Sarcosine C3H7NO2 

C002
13 

92.061
66 

-
0.000

7 

-
7.652

22 #N/A 

92.06
096 D-Alanine C3H7NO2 

C001
33 

92.061
66 

-
0.000

7 

-
7.652

22 #N/A 

92.06
096 Ethyl carbamate C3H7NO2 

C015
37 

92.061
66 

-
0.000

7 

-
7.652

22 #N/A 

93.03
686 Cibulins C3H8OS   

93.036
86 

-6.5E-
06 

-
0.070

28 
0.27870

8 

93.03
686 2-(Methylthio)ethanol C3H8OS   

93.036
86 

-6.5E-
06 

-
0.070

28 
0.27870

8 

93.04
494 L-Lactic acid C3H6O3 

C001
86 

93.045
68 

-
0.000

74 

-
7.975

77 #N/A 

93.04
494 Hydroxypropionic acid C3H6O3 

C010
13 

93.045
68 

-
0.000

74 

-
7.975

77 #N/A 

93.04
494 Glyceraldehyde C3H6O3 

C021
54 

93.045
68 

-
0.000

74 

-
7.975

77 #N/A 

93.04
494 D-Lactic acid C3H6O3 

C002
56 

93.045
68 

-
0.000

74 

-
7.975

77 #N/A 

93.04
494 Dihydroxyacetone C3H6O3 

C001
84 

93.045
68 

-
0.000

74 

-
7.975

77 #N/A 

93.04
494 Dimethyl carbonate C3H6O3   

93.045
68 

-
0.000

74 

-
7.975

77 #N/A 

93.04
494 Monoethyl carbonate C3H6O3   

93.045
68 

-
0.000

74 

-
7.975

77 #N/A 

93.04
494 Methoxyacetic acid C3H6O3   

93.045
68 

-
0.000

74 

-
7.975

77 #N/A 

93.05
443 Glycerol C3H8O3 

C001
16 

93.054
62 

-
0.000

19 

-
2.051

7 #N/A 

94.04
016 Cibulins C3H8OS   

94.040
22 

-6E-
05 

-
0.637

28 
0.27870

8 

94.04
016 2-(Methylthio)ethanol C3H8OS   

94.040
22 

-6E-
05 

-
0.637

28 
0.27870

8 

94.06
532 Aniline C6H7N 

C002
92 

94.065
13 

0.000
195 

2.077
045 #N/A 
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95.01
528 Dimethyl sulfone C2H6O2S 

C111
42 

95.016
13 

-
0.000

84 

-
8.883

41 #N/A 

95.01
609 Dimethyl sulfone C2H6O2S 

C111
42 

95.016
13 

-3.7E-
05 

-
0.385

62 
0.27071

8 

95.01
609 (Chloromethyl)oxirane C3H5ClO 

C144
49 

95.016
88 

-
0.000

79 

-
8.300

41 #N/A 

95.04
933 Beta-Aminopropionitrile C3H6N2 

C056
70 

95.049
03 

0.000
305 

3.209
994 #N/A 

95.06
053 Methylpyrazine C5H6N2   

95.060
37 

0.000
158 

1.667
193 

0.36680
3 

95.06
053 Glycerol C3H8O3 

C001
16 

95.061
33 

-
0.000

8 

-
8.385

24 #N/A 

96.04
455 2-Hydroxypyridine C5H5NO 

C025
02 

96.044
39 

0.000
162 

1.688
637 #N/A 

96.04
455 1H-Pyrrole-2-carboxaldehyde C5H5NO   

96.044
39 

0.000
162 

1.688
637 #N/A 

96.05
266 Methylguanidine C2H7N3 

C022
94 

96.053
22 

-
0.000

56 

-
5.778

86 #N/A 

96.06
388 Methylpyrazine C5H6N2   

96.063
73 

0.000
148 

1.537
868 

0.36680
3 

96.08
094 2,5-Dimethyl-1H-pyrrole C6H9N   

96.080
78 

0.000
166 

1.722
633 #N/A 

96.99
532 Silicic acid H4O4Si   

96.995
16 

0.000
157 

1.618
994 #N/A 

96.99
532 Chloroacetic acid C2H3ClO2 

C067
55 

96.996
14 

-
0.000

82 

-
8.500

74 #N/A 

98.06
017 1-Cyano-2-hydroxy-3-butene C5H7NO   

98.060
04 

0.000
135 

1.374
378 #N/A 

98.06
017 2,4-Dimethyloxazole C5H7NO   

98.060
04 

0.000
135 

1.374
378 #N/A 

98.06
017 2,5-Dimethyloxazole C5H7NO   

98.060
04 

0.000
135 

1.374
378 #N/A 

98.06
017 4,5-Dimethyloxazole C5H7NO   

98.060
04 

0.000
135 

1.374
378 #N/A 

98.06
017 Methylguanidine C2H7N3 

C022
94 

98.059
92 

0.000
25 

2.546
483 #N/A 

98.97
55 1,2-Dichloroethane C2H4Cl2 

C067
52 

98.976
28 

-
0.000

78 

-
7.924

86 #N/A 

98.98
356 Phosphoric acid H3O4P 

C000
09 

98.984
17 

-
0.000

61 

-
6.207

97 #N/A 
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98.98
356 Acetic acid C2H4O2 

C000
33 

98.984
29 

-
0.000

73 

-
7.382

65 #N/A 

98.98
356 Glycolaldehyde C2H4O2 

C002
66 

98.984
29 

-
0.000

73 

-
7.382

65 #N/A 

98.98
432 Phosphoric acid H3O4P 

C000
09 

98.984
17 

0.000
145 

1.461
451 

0.20811
8 

98.98
432 Acetic acid C2H4O2 

C000
33 

98.984
29 

2.84E
-05 

0.286
757 

0.08376
3 

98.98
432 Glycolaldehyde C2H4O2 

C002
66 

98.984
29 

2.84E
-05 

0.286
757 

0.08376
3 

99.01
096 Acetone C3H6O 

C002
07 

99.011
73 

-
0.000

77 

-
7.787

87 #N/A 

99.01
096 Propanal C3H6O 

C004
79 

99.011
73 

-
0.000

77 

-
7.787

87 #N/A 

99.01
096 Methyloxirane C3H6O 

C155
08 

99.011
73 

-
0.000

77 

-
7.787

87 #N/A 

99.01
096 Allyl alcohol C3H6O 

C020
01 

99.011
73 

-
0.000

77 

-
7.787

87 #N/A 

99.02
306 Ethyl methyl sulfide C3H8S   

99.023
89 

-
0.000

83 

-
8.341

63 #N/A 

99.02
306 2-Propanethiol C3H8S 

C083
91 

99.023
89 

-
0.000

83 

-
8.341

63 #N/A 

99.02
306 1-Propanethiol C3H8S 

C083
90 

99.023
89 

-
0.000

83 

-
8.341

63 #N/A 

100.0
308 Trimethyl sulfonium C3H9S 

C010
08 

100.03
17 

-
0.000

88 

-
8.836

91 #N/A 

100.0
758 2-Piperidinone C5H9NO   

100.07
57 

9.44E
-05 

0.943
729 #N/A 

100.0
758 1-Pyrrolidinecarboxaldehyde C5H9NO   

100.07
57 

9.44E
-05 

0.943
729 #N/A 

100.0
758 

2,5-Dihydro-2,4-
dimethyloxazole C5H9NO   

100.07
57 

9.44E
-05 

0.943
729 #N/A 

101.0
063 Thiourea CH4N2S 

C144
15 

101.00
54 

0.000
873 

8.641
995 #N/A 

101.0
387 1,2-Ethanediamine C2H8N2   

101.03
86 

4.73E
-05 

0.468
286 #N/A 

102.0
465 (R)-Dihydromaleimide C4H5NO2   

102.04
6 

0.000
487 

4.769
97 #N/A 

102.0
914 5-Aminopentanal C5H11NO 

C124
55 

102.09
13 

7.87E
-05 

0.770
67 #N/A 
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102.9
252 Sulfur dioxide O2S 

C093
06 

102.92
51 

0.000
132 

1.281
268 #N/A 

102.9
257 Sulfur dioxide O2S 

C093
06 

102.92
51 

0.000
656 

6.371
287 #N/A 

104.0
621 

L-3-Aminodihydro-2(3H)-
furanone C4H7NO2 

C029
26 

104.06
17 

0.000
428 

4.114
342 #N/A 

104.0
621 (S)-2-Azetidinecarboxylic acid C4H7NO2   

104.06
17 

0.000
428 

4.114
342 #N/A 

104.0
621 

1-
Aminocyclopropanecarboxylic 
acid C4H7NO2 

C012
34 

104.06
17 

0.000
428 

4.114
342 #N/A 

105.0
448 2-Ketobutyric acid C4H6O3 

C001
09 

105.04
57 

-
0.000

91 

-
8.620

12 #N/A 

105.0
448 Acetoacetic acid C4H6O3 

C001
64 

105.04
57 

-
0.000

91 

-
8.620

12 #N/A 

105.0
448 2-Methyl-3-oxopropanoic acid C4H6O3 

C003
49 

105.04
57 

-
0.000

91 

-
8.620

12 #N/A 

105.0
448 

(S)-Methylmalonic acid 
semialdehyde C4H6O3 

C060
02 

105.04
57 

-
0.000

91 

-
8.620

12 #N/A 

105.0
448 4-Hydroxycrotonic acid C4H6O3   

105.04
57 

-
0.000

91 

-
8.620

12 #N/A 

105.0
448 Acetic anhydride C4H6O3   

105.04
57 

-
0.000

91 

-
8.620

12 #N/A 

106.0
4 S-Ethyl thioacetate C4H8OS   

106.04
02 

-
0.000

19 

-
1.774

04 #N/A 

106.0
4 S-Methyl propanethioate C4H8OS   

106.04
02 

-
0.000

19 

-
1.774

04 #N/A 

106.0
4 3-(Methylthio)propanal C4H8OS   

106.04
02 

-
0.000

19 

-
1.774

04 #N/A 

106.0
4 3-Mercapto-2-butanone C4H8OS   

106.04
02 

-
0.000

19 

-
1.774

04 #N/A 

106.0
4 (Methylthio)acetone C4H8OS   

106.04
02 

-
0.000

19 

-
1.774

04 #N/A 

106.0
4 4-Mercapto-2-butanone C4H8OS   

106.04
02 

-
0.000

19 

-
1.774

04 #N/A 

106.0
4 Pyruvatoxime C3H5NO3   

106.04
09 

-
0.000

9 

-
8.491

25 #N/A 
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106.0
4 3-Oxoalanine C3H5NO3   

106.04
09 

-
0.000

9 

-
8.491

25 #N/A 

106.9
892 3-Butyn-1-al C4H4O 

C061
45 

106.98
94 

-
0.000

22 

-
2.058

95 #N/A 

106.9
892 Furan C4H4O 

C000
89 

106.98
94 

-
0.000

22 

-
2.058

95 #N/A 

107.0
473 Methyl propenyl ketone C5H8O   

107.04
67 

0.000
588 

5.488
977 #N/A 

107.0
473 Cyclopentanone C5H8O 

C005
57 

107.04
67 

0.000
588 

5.488
977 #N/A 

107.0
473 3-Methyl-3-buten-2-one C5H8O   

107.04
67 

0.000
588 

5.488
977 #N/A 

107.0
473 2-Pentenal C5H8O   

107.04
67 

0.000
588 

5.488
977 #N/A 

107.0
473 4-Penten-2-one C5H8O   

107.04
67 

0.000
588 

5.488
977 #N/A 

107.0
473 1-Penten-3-one C5H8O   

107.04
67 

0.000
588 

5.488
977 #N/A 

107.0
473 4-Pentenal C5H8O   

107.04
67 

0.000
588 

5.488
977 #N/A 

107.0
473 xi-2,3-Dihydro-3-methylfuran C5H8O   

107.04
67 

0.000
588 

5.488
977 #N/A 

107.0
473 2,3-Dihydro-4-methylfuran C5H8O   

107.04
67 

0.000
588 

5.488
977 #N/A 

107.0
492 Benzaldehyde C7H6O 

C001
93 

107.04
91 

2.89E
-05 

0.270
387 #N/A 

107.0
604 2-Hydroxybutyric acid C4H8O3 

C059
84 

107.06
13 

-
0.000

94 

-
8.757

91 #N/A 

107.0
604 (R)-3-Hydroxybutyric acid C4H8O3 

C010
89 

107.06
13 

-
0.000

94 

-
8.757

91 #N/A 

107.0
604 (S)-3-Hydroxyisobutyric acid C4H8O3 

C060
01 

107.06
13 

-
0.000

94 

-
8.757

91 #N/A 

107.0
604 (R)-3-Hydroxyisobutyric acid C4H8O3   

107.06
13 

-
0.000

94 

-
8.757

91 #N/A 

107.0
604 3-Hydroxybutyric acid C4H8O3 

C010
89 

107.06
13 

-
0.000

94 

-
8.757

91 #N/A 

107.0
604 (S)-3-Hydroxybutyric acid C4H8O3 

C031
97 

107.06
13 

-
0.000

94 

-
8.757

91 #N/A 

107.0
604 4-Hydroxybutyric acid C4H8O3 

C009
89 

107.06
13 

-
0.000

94 

-
8.757

91 #N/A 
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107.0
604 Ethoxyacetic acid C4H8O3   

107.06
13 

-
0.000

94 

-
8.757

91 #N/A 

107.0
73 2,3-Diaminopropionic acid C3H8N2O2 

C034
01 

107.07
26 

0.000
389 

3.637
149 #N/A 

108.0
444 5-Aminoimidazole C3H5N3 

C052
39 

108.04
43 

9.92E
-05 

0.918
394 #N/A 

108.0
556 3-(Methylthio)-1-propanol C4H10OS   

108.05
59 

-
0.000

26 

-
2.392

84 #N/A 

108.0
556 3-Mercapto-2-butanol C4H10OS   

108.05
59 

-
0.000

26 

-
2.392

84 #N/A 

108.0
556 4-Mercapto-2-butanol C4H10OS   

108.05
59 

-
0.000

26 

-
2.392

84 #N/A 

108.0
556 L-Serine C3H7NO3 

C000
65 

108.05
66 

-
0.000

97 

-
8.984

75 #N/A 

108.0
556 D-Serine C3H7NO3 

C007
40 

108.05
66 

-
0.000

97 

-
8.984

75 #N/A 

108.0
682 N-Nitroethylenediamine C2H7N3O2   

108.06
78 

0.000
413 

3.820
574 #N/A 

108.0
808 3-Ethylpyridine C7H9N   

108.08
08 

1.19E
-05 

0.110
129 #N/A 

108.0
808 2,4-Dimethylpyridine C7H9N   

108.08
08 

1.19E
-05 

0.110
129 #N/A 

108.0
808 2,6-Dimethylpyridine C7H9N   

108.08
08 

1.19E
-05 

0.110
129 #N/A 

108.0
808 Benzylamine C7H9N 

C155
62 

108.08
08 

1.19E
-05 

0.110
129 #N/A 

109.0
073 2,3-Dihydrothiophene C4H6S   

109.00
82 

-
0.000

91 

-
8.388

95 #N/A 

109.0
073 Divinyl sulfide C4H6S   

109.00
82 

-
0.000

91 

-
8.388

95 #N/A 

109.0
397 Glyceric acid C3H6O4 

C002
58 

109.04
06 

-
0.000

91 

-
8.349

42 #N/A 

109.0
397 L-Glyceric acid C3H6O4   

109.04
06 

-
0.000

91 

-
8.349

42 #N/A 

109.0
397 D-2,3-Dihydroxypropanoic acid C3H6O4   

109.04
06 

-
0.000

91 

-
8.349

42 #N/A 

109.0
449 2-Pyrrolidinone C4H7NO 

C111
18 

109.04
53 

-
0.000

46 

-
4.211

33 #N/A 
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109.0
761 2-Ethylpyrazine C6H8N2   

109.07
6 

4.23E
-05 

0.387
823 #N/A 

109.0
761 2,3-Dimethylpyrazine C6H8N2   

109.07
6 

4.23E
-05 

0.387
823 #N/A 

109.0
761 2,6-Dimethylpyrazine C6H8N2   

109.07
6 

4.23E
-05 

0.387
823 #N/A 

109.0
761 2,5-Dimethylpyrazine C6H8N2   

109.07
6 

4.23E
-05 

0.387
823 #N/A 

109.0
761 (2R*,3R*)-1,2,3-Butanetriol C4H10O3   

109.07
7 

-
0.000

91 

-
8.372

93 #N/A 

110.0
601 4-Aminophenol C6H7NO 

C023
72 110.06 

2.88E
-05 

0.261
287 #N/A 

110.0
601 2-Acetylpyrrole C6H7NO   110.06 

2.88E
-05 

0.261
287 #N/A 

110.0
601 

1-Methyl-2-
pyrrolecarboxaldehyde C6H7NO   110.06 

2.88E
-05 

0.261
287 #N/A 

110.0
965 1,2,5-Trimethyl-1H-pyrrole C7H11N   

110.09
64 

4.12E
-05 

0.374
211 #N/A 

111.0
229 3-(Methylthio)-1-propene C4H8S   

111.02
39 

-
0.000

95 

-
8.593

34 #N/A 

111.0
229 cis-2,3-Dimethylthiirane C4H8S   

111.02
39 

-
0.000

95 

-
8.593

34 #N/A 

111.0
229 Beta-Aminopropionitrile C3H6N2 

C056
70 

111.02
3 

-3.1E-
05 

-
0.279

2 #N/A 

111.0
553 Imidazole-4-acetaldehyde C5H6N2O 

C051
30 

111.05
53 

1.88E
-05 

0.169
6 #N/A 

111.0
553 Methoxypyrazine C5H6N2O   

111.05
53 

1.88E
-05 

0.169
6 #N/A 

111.0
553 2,2-Dihydroperoxypropane C3H8O4   

111.05
62 

-
0.000

94 

-
8.435

01 #N/A 

112.0
09 Pyruvic acid C3H4O3 

C000
22 

112.00
86 

0.000
368 

3.288
538 #N/A 

112.0
09 Malonic semialdehyde C3H4O3 

C002
22 

112.00
86 

0.000
368 

3.288
538 #N/A 

112.0
09 Glucosereductone C3H4O3   

112.00
86 

0.000
368 

3.288
538 #N/A 

112.0
757 

N-Acetyl-2,3-dihydro-1H-
pyrrole C6H9NO   

112.07
57 

1.11E
-05 

0.098
619 #N/A 

112.0
757 

5-Acetyl-3,4-dihydro-2H-
pyrrole C6H9NO   

112.07
57 

1.11E
-05 

0.098
619 #N/A 

112.0
757 2-Ethyl-4-methyloxazole C6H9NO   

112.07
57 

1.11E
-05 

0.098
619 #N/A 

112.0
757 4-Ethyl-2-methyloxazole C6H9NO   

112.07
57 

1.11E
-05 

0.098
619 #N/A 
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112.0
757 2-Ethyl-5-methyloxazole C6H9NO   

112.07
57 

1.11E
-05 

0.098
619 #N/A 

112.0
757 5-Ethyl-2-methyloxazole C6H9NO   

112.07
57 

1.11E
-05 

0.098
619 #N/A 

112.0
757 5-Ethyl-4-methyloxazole C6H9NO   

112.07
57 

1.11E
-05 

0.098
619 #N/A 

112.0
757 

5-Imino-2-methyl-1-
cyclopenten-1-ol C6H9NO   

112.07
57 

1.11E
-05 

0.098
619 #N/A 

112.0
757 Trimethyloxazole C6H9NO   

112.07
57 

1.11E
-05 

0.098
619 #N/A 

112.0
869 Histamine C5H9N3 

C003
88 

112.08
69 

-9.6E-
06 

-
0.085

43 #N/A 

112.9
998 

S-Methyl 
methanesulfinothioate C2H6OS2   113 

-
0.000

19 

-
1.677

44 #N/A 

112.9
998 Propionic acid C3H6O2 

C001
63 

112.99
99 

-
0.000

14 

-
1.195

73 #N/A 

112.9
998 Lactaldehyde C3H6O2 

C004
24 

112.99
99 

-
0.000

14 

-
1.195

73 #N/A 

112.9
998 3-Hydroxypropanal C3H6O2 

C009
69 

112.99
99 

-
0.000

14 

-
1.195

73 #N/A 

112.9
998 D-Lactaldehyde C3H6O2 

C009
37 

112.99
99 

-
0.000

14 

-
1.195

73 #N/A 

112.9
998 Hydroxyacetone C3H6O2 

C052
35 

112.99
99 

-
0.000

14 

-
1.195

73 #N/A 

112.9
998 Ethyl formate C3H6O2   

112.99
99 

-
0.000

14 

-
1.195

73 #N/A 

112.9
998 Methyl acetate C3H6O2 

C175
30 

112.99
99 

-
0.000

14 

-
1.195

73 #N/A 

113.0
265 

Glycerol alpha-
monochlorohydrin C3H7ClO2 

C186
76 

113.02
74 

-
0.000

98 

-
8.630

49 #N/A 

113.0
265 Tetrahydrofuran C4H8O   

113.02
74 

-
0.000

92 

-
8.097

03 #N/A 

113.0
265 Butanone C4H8O 

C028
45 

113.02
74 

-
0.000

92 

-
8.097

03 #N/A 

113.0
265 Butanal C4H8O 

C014
12 

113.02
74 

-
0.000

92 

-
8.097

03 #N/A 
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113.0
265 2-Methylpropanal C4H8O 

C032
19 

113.02
74 

-
0.000

92 

-
8.097

03 #N/A 

113.0
265 3-Buten-1-ol C4H8O   

113.02
74 

-
0.000

92 

-
8.097

03 #N/A 

113.0
265 2-Buten-1-ol C4H8O   

113.02
74 

-
0.000

92 

-
8.097

03 #N/A 

113.0
265 2,2-Dimethyloxirane C4H8O   

113.02
74 

-
0.000

92 

-
8.097

03 #N/A 

113.0
345 Uracil C4H4N2O2 

C001
06 

113.03
46 

-5.4E-
06 

-
0.048

1 #N/A 

113.0
386 2-Methyl-1-propanethiol C4H10S   

113.03
95 

-
0.000

97 

-
8.576

42 
0.32949

2 

113.0
386 Diethyl sulfide C4H10S 

C022
72 

113.03
95 

-
0.000

97 

-
8.576

42 
0.32949

2 

113.0
386 2-(Methylthio)propane C4H10S   

113.03
95 

-
0.000

97 

-
8.576

42 
0.32949

2 

114.0
247 L-Lactic acid C3H6O3 

C001
86 

114.02
43 

0.000
406 

3.560
471 #N/A 

114.0
247 Hydroxypropionic acid C3H6O3 

C010
13 

114.02
43 

0.000
406 

3.560
471 #N/A 

114.0
247 Glyceraldehyde C3H6O3 

C021
54 

114.02
43 

0.000
406 

3.560
471 #N/A 

114.0
247 D-Lactic acid C3H6O3 

C002
56 

114.02
43 

0.000
406 

3.560
471 #N/A 

114.0
247 Dihydroxyacetone C3H6O3 

C001
84 

114.02
43 

0.000
406 

3.560
471 #N/A 

114.0
247 Dimethyl carbonate C3H6O3   

114.02
43 

0.000
406 

3.560
471 #N/A 

114.0
247 Monoethyl carbonate C3H6O3   

114.02
43 

0.000
406 

3.560
471 #N/A 

114.0
247 Methoxyacetic acid C3H6O3   

114.02
43 

0.000
406 

3.560
471 #N/A 

114.0
372 2,4-Dimethylthiazole C5H7NS   

114.03
72 

4.88E
-05 

0.427
988 #N/A 

114.0
372 2,5-Dimethylthiazole C5H7NS   

114.03
72 

4.88E
-05 

0.427
988 #N/A 

114.0
372 4,5-Dimethylthiazole C5H7NS   

114.03
72 

4.88E
-05 

0.427
988 #N/A 

114.0
372 Thiiranepropanenitrile C5H7NS   

114.03
72 

4.88E
-05 

0.427
988 #N/A 

114.0
372 2-Ethylthiazole C5H7NS   

114.03
72 

4.88E
-05 

0.427
988 #N/A 
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114.0
372 Uracil C4H4N2O2 

C001
06 

114.03
79 

-
0.000

66 

-
5.818

19 #N/A 

114.0
42 2-Methyl-1-propanethiol C4H10S   

114.04
29 

-
0.000

93 

-
8.183

85 
0.32949

2 

114.0
42 Diethyl sulfide C4H10S 

C022
72 

114.04
29 

-
0.000

93 

-
8.183

85 
0.32949

2 

114.0
42 2-(Methylthio)propane C4H10S   

114.04
29 

-
0.000

93 

-
8.183

85 
0.32949

2 

114.0
55 1-Pyrroline-5-carboxylic acid C5H7NO2 

C043
22 

114.05
5 

3.03E
-05 

0.265
582 

427.352
9 

114.0
55 1-Pyrroline-2-carboxylic acid C5H7NO2 

C035
64 

114.05
5 

3.03E
-05 

0.265
582 

427.352
9 

115.0
058 Propionic acid C3H6O2 

C001
63 

115.00
66 

-
0.000

89 

-
7.756

97 #N/A 

115.0
058 Lactaldehyde C3H6O2 

C004
24 

115.00
66 

-
0.000

89 

-
7.756

97 #N/A 

115.0
058 3-Hydroxypropanal C3H6O2 

C009
69 

115.00
66 

-
0.000

89 

-
7.756

97 #N/A 

115.0
058 D-Lactaldehyde C3H6O2 

C009
37 

115.00
66 

-
0.000

89 

-
7.756

97 #N/A 

115.0
058 Hydroxyacetone C3H6O2 

C052
35 

115.00
66 

-
0.000

89 

-
7.756

97 #N/A 

115.0
058 Ethyl formate C3H6O2   

115.00
66 

-
0.000

89 

-
7.756

97 #N/A 

115.0
058 Methyl acetate C3H6O2 

C175
30 

115.00
66 

-
0.000

89 

-
7.756

97 #N/A 

115.0
417 Uracil C4H4N2O2 

C001
06 

115.04
13 

0.000
417 

3.626
269 #N/A 

115.0
543 1,3-Diaminopropane C3H10N2 

C009
86 

115.05
43 

1.59E
-07 

0.001
381 #N/A 

115.0
543 1,2 Diaminopropane C3H10N2   

115.05
43 

1.59E
-07 

0.001
381 #N/A 

115.0
866 3-Amino-2-piperidone C5H10N2O   

115.08
66 

7.15E
-06 

0.062
099 #N/A 

116.0
621 1-Pyrroline-5-carboxylic acid C5H7NO2 

C043
22 

116.06
17 

0.000
395 

3.407
138 

427.352
9 

116.0
621 1-Pyrroline-2-carboxylic acid C5H7NO2 

C035
64 

116.06
17 

0.000
395 

3.407
138 

427.352
9 
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116.9
859 Glycolic acid C2H4O3 

C001
60 

116.98
59 

1.99E
-05 

0.169
925 #N/A 

116.9
859 Peracetic acid C2H4O3   

116.98
59 

1.99E
-05 

0.169
925 #N/A 

117.0
567 

xi-2,5-Dihydro-2,4-
dimethylthiazole C5H9NS   

117.05
62 

0.000
453 

3.871
312 

51.4548
6 

117.0
567 Dihydrouracil C4H6N2O2 

C004
29 

117.05
69 

-
0.000

26 

-
2.213

79 #N/A 

117.0
567 N-Methylhydantoin C4H6N2O2 

C025
65 

117.05
69 

-
0.000

26 

-
2.213

79 #N/A 

117.0
573 Dihydrouracil C4H6N2O2 

C004
29 

117.05
69 

0.000
39 

3.335
416 #N/A 

117.0
573 N-Methylhydantoin C4H6N2O2 

C025
65 

117.05
69 

0.000
39 

3.335
416 #N/A 

118.0
399 

xI-Dihydro-2-methyl-3(2H)-
thiophenone C5H8OS   

118.04
02 

-
0.000

28 

-
2.360

54 #N/A 

118.0
399 

Dihydro-5-methyl-2(3H)-
thiophenone C5H8OS   

118.04
02 

-
0.000

28 

-
2.360

54 #N/A 

118.0
399 xi-2-Acetylthietane C5H8OS   

118.04
02 

-
0.000

28 

-
2.360

54 #N/A 

118.0
399 

Dihydro-2-methyl-3(2H)-
furanthione C5H8OS   

118.04
02 

-
0.000

28 

-
2.360

54 #N/A 

118.0
543 3-keto-2-Methylbutyrate C5H7O3   

118.05
35 

0.000
813 

6.883
335 

598.915
9 

118.0
543 Aniline C6H7N 

C002
92 

118.05
38 

0.000
54 

4.578
107 #N/A 

118.0
606 Guanidoacetic acid C3H7N3O2 

C005
81 

118.06
11 

-
0.000

5 

-
4.193

9 #N/A 

118.0
651 Benzeneacetonitrile C8H7N 

C160
74 

118.06
51 

-1.8E-
05 

-
0.155

93 
0.29786

4 

118.9
205 Sulfite O3S 

C000
94 118.92 

0.000
572 

4.811
693 #N/A 

119.0
352 Homocysteine thiolactone C4H7NOS   

119.03
55 

-
0.000

24 

-
2.055

37 #N/A 

119.0
491 Methylpyrazine C5H6N2   

119.04
9 

0.000
112 

0.943
199 

434.782
3 

119.0
604 7-Azaindolizine C7H6N2   

119.06
04 

2.31E
-05 

0.194
383 #N/A 

119.0
604 5H-Cyclopentapyrazine C7H6N2   

119.06
04 

2.31E
-05 

0.194
383 #N/A 
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119.0
604 Methylacetoacetic acid C5H8O3   

119.06
13 

-
0.000

93 

-
7.831

7 #N/A 

119.0
604 Levulinic acid C5H8O3   

119.06
13 

-
0.000

93 

-
7.831

7 #N/A 

119.0
604 2-Oxovaleric acid C5H8O3 

C062
55 

119.06
13 

-
0.000

93 

-
7.831

7 #N/A 

119.0
604 Ethyl pyruvate C5H8O3   

119.06
13 

-
0.000

93 

-
7.831

7 #N/A 

119.0
604 Acetoxyacetone C5H8O3   

119.06
13 

-
0.000

93 

-
7.831

7 #N/A 

119.0
685 Benzeneacetonitrile C8H7N 

C160
74 

119.06
85 

6.43E
-06 

0.053
973 

0.29786
4 

120.0
556 S-Methyl butanethioate C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 

120.0
556 4-(Methylthio)-2-butanone C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 

120.0
556 4-Mercapto-2-pentanone C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 

120.0
556 S-Propyl thioacetate C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 

120.0
556 3-Mercapto-2-pentanone C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 

120.0
556 2-Mercapto-3-pentanone C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 

120.0
556 

Tetrahydro-2-methylthiophen-
3-ol C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 

120.0
556 

Tetrahydro-2-methyl-3-
furanthiol C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 

120.0
556 1-(Methylthio)-2-butanone C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 

120.0
556 4-(Methylthio)butanal C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 

120.0
556 xi-2-Methyl-1,3-oxathiane C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 



Probing the distribution of pharmaceutical compounds in cells using ToF-SIM 

 

 

255 | P a g e  
 

120.0
556 3-(Methylthio)butanal C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 

120.0
556 3-(Methylthio)-2-butanone C5H10OS   

120.05
59 

-
0.000

23 

-
1.940

79 #N/A 

120.0
556 Acetylglycine C4H7NO3   

120.05
66 

-
0.000

95 

-
7.873

82 #N/A 

120.0
556 L-2-Amino-3-oxobutanoic acid C4H7NO3 

C035
08 

120.05
66 

-
0.000

95 

-
7.873

82 #N/A 

120.0
556 L-Aspartate-semialdehyde C4H7NO3 

C004
41 

120.05
66 

-
0.000

95 

-
7.873

82 #N/A 

120.9
362 Sulfurous acid H2O3S 

C000
94 

120.93
56 

0.000
58 

4.795
583 #N/A 

121.0
396 Methylmalonic acid C4H6O4 

C021
70 

121.04
06 

-
0.000

97 

-
8.032

46 #N/A 

121.0
396 Succinic acid C4H6O4 

C000
42 

121.04
06 

-
0.000

97 

-
8.032

46 #N/A 

121.0
396 Erythrono-1,4-lactone C4H6O4   

121.04
06 

-
0.000

97 

-
8.032

46 #N/A 

121.0
396 Threonolactone C4H6O4   

121.04
06 

-
0.000

97 

-
8.032

46 #N/A 

121.0
396 4-Hydroxy-2-oxobutanoic acid C4H6O4   

121.04
06 

-
0.000

97 

-
8.032

46 #N/A 

121.0
396 

xi-3-Hydroxy-2-oxobutanoic 
acid C4H6O4   

121.04
06 

-
0.000

97 

-
8.032

46 #N/A 

121.0
648 Phenylacetaldehyde C8H8O 

C006
01 

121.06
48 

-1.1E-
05 

-
0.092

07 
482.867

2 

121.0
648 2,3-Dihydrobenzofuran C8H8O   

121.06
48 

-1.1E-
05 

-
0.092

07 
482.867

2 

121.0
648 Acetophenone C8H8O 

C071
13 

121.06
48 

-1.1E-
05 

-
0.092

07 
482.867

2 

121.0
76 (1-Methylethenyl)pyrazine C7H8N2   

121.07
6 

5.02E
-06 

0.041
428 #N/A 

121.0
76 2-Methyl-5-vinylpyrazine C7H8N2   

121.07
6 

5.02E
-06 

0.041
428 #N/A 

121.0
76 2-Methyl-3-vinylpyrazine C7H8N2   

121.07
6 

5.02E
-06 

0.041
428 #N/A 
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121.0
76 1-Propenylpyrazine C7H8N2   

121.07
6 

5.02E
-06 

0.041
428 #N/A 

121.0
76 

3-Hydroxy-2-methyl-[R-(R,S)]-
butanoic acid C5H10O3   

121.07
7 

-
0.000

95 

-
7.851

04 #N/A 

121.0
76 

2-Methyl-3-hydroxybutyric 
acid C5H10O3   

121.07
7 

-
0.000

95 

-
7.851

04 #N/A 

121.0
76 2-Ethylhydracrylic acid C5H10O3   

121.07
7 

-
0.000

95 

-
7.851

04 #N/A 

121.0
76 

3-Hydroxy-2-methyl-[S-(R,R)]-
butanoic acid C5H10O3   

121.07
7 

-
0.000

95 

-
7.851

04 #N/A 

121.0
76 3-Hydroxyvaleric acid C5H10O3   

121.07
7 

-
0.000

95 

-
7.851

04 #N/A 

121.0
76 Erythronilic acid C5H10O3   

121.07
7 

-
0.000

95 

-
7.851

04 #N/A 

121.0
76 3-Hydroxyisovaleric acid C5H10O3   

121.07
7 

-
0.000

95 

-
7.851

04 #N/A 

121.0
76 2-Hydroxyvaleric acid C5H10O3   

121.07
7 

-
0.000

95 

-
7.851

04 #N/A 

121.0
76 Ethyl lactate C5H10O3   

121.07
7 

-
0.000

95 

-
7.851

04 #N/A 

121.0
76 Methyl 3-hydroxybutyrate C5H10O3   

121.07
7 

-
0.000

95 

-
7.851

04 #N/A 

122.0
297 2-Furanmethanol C5H6O2   

122.02
94 

0.000
318 

2.602
992 #N/A 

122.0
297 5-Methyl-2(3H)-furanone C5H6O2   

122.02
94 

0.000
318 

2.602
992 #N/A 

122.0
297 

5-Hydroxy-4-pentenoic acid d-
lactone C5H6O2   

122.02
94 

0.000
318 

2.602
992 #N/A 

122.0
6 Benzamide C7H7NO 

C098
15 122.06 

-2.7E-
05 

-
0.218

12 #N/A 

122.0
6 3-Acetylpyridine C7H7NO   122.06 

-2.7E-
05 

-
0.218

12 #N/A 

122.0
6 2-Acetylpyridine C7H7NO   122.06 

-2.7E-
05 

-
0.218

12 #N/A 

122.0
712 

3-Mercapto-2-methyl-1-
butanol C5H12OS   

122.07
15 

-
0.000

27 

-
2.223

03 #N/A 
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122.0
712 

3-Mercapto-3-methyl-1-
butanol C5H12OS   

122.07
15 

-
0.000

27 

-
2.223

03 #N/A 

122.0
712 

xi-2-Mercapto-3-methyl-1-
butanol C5H12OS   

122.07
15 

-
0.000

27 

-
2.223

03 #N/A 

122.0
712 4-(Methylthio)-2-butanol C5H12OS   

122.07
15 

-
0.000

27 

-
2.223

03 #N/A 

122.0
712 4-(Methylthio)-1-butanol C5H12OS   

122.07
15 

-
0.000

27 

-
2.223

03 #N/A 

122.0
712 L-Threonine C4H9NO3 

C001
88 

122.07
22 

-
0.000

98 

-
8.058

1 #N/A 

122.0
712 L-Homoserine C4H9NO3 

C002
63 

122.07
22 

-
0.000

98 

-
8.058

1 #N/A 

122.0
712 L-Allothreonine C4H9NO3 

C055
19 

122.07
22 

-
0.000

98 

-
8.058

1 #N/A 

122.0
964 1-Phenylethylamine C8H11N 

C024
55 

122.09
64 

-2.7E-
05 

-
0.221

67 #N/A 

122.0
964 Phenylethylamine C8H11N 

C053
32 

122.09
64 

-2.7E-
05 

-
0.221

67 #N/A 

122.0
964 5-Ethyl-2-methylpyridine C8H11N   

122.09
64 

-2.7E-
05 

-
0.221

67 #N/A 

123.0
117 3-Mercaptolactic acid C3H6O3S 

C058
23 

123.01
1 

0.000
682 

5.545
943 #N/A 

123.0
117 2-Methylfuran C5H6O   

123.01
17 

-9.5E-
06 

-
0.077

47 #N/A 

123.0
117 2,4-Pentadienal C5H6O   

123.01
17 

-9.5E-
06 

-
0.077

47 #N/A 

123.0
552 Niacinamide C6H6N2O 

C001
53 

123.05
53 

-4.3E-
05 

-
0.347

9 #N/A 

123.0
552 2-Acetylpyrazine C6H6N2O   

123.05
53 

-4.3E-
05 

-
0.347

9 #N/A 

123.0
552 (S)-3,4-Dihydroxybutyric acid C4H8O4   

123.05
62 

-
0.001 

-
8.113

42 #N/A 

123.0
552 2,4-Dihydroxybutanoic acid C4H8O4   

123.05
62 

-
0.001 

-
8.113

42 #N/A 
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123.0
552 4-Deoxyerythronic acid C4H8O4   

123.05
62 

-
0.001 

-
8.113

42 #N/A 

123.0
552 4-Deoxythreonic acid C4H8O4   

123.05
62 

-
0.001 

-
8.113

42 #N/A 

123.0
552 A,b-Dihydroxyisobutyric acid C4H8O4   

123.05
62 

-
0.001 

-
8.113

42 #N/A 

123.0
552 Erythrose C4H8O4 

C017
96 

123.05
62 

-
0.001 

-
8.113

42 #N/A 

123.0
552 L-Erythrulose C4H8O4 

C020
45 

123.05
62 

-
0.001 

-
8.113

42 #N/A 

124.0
09 Succinic anhydride C4H4O3 

C195
24 

124.00
86 

0.000
402 

3.244
131 #N/A 

124.0
757 p-Anisidine C7H9NO 

C193
26 

124.07
57 

2.98E
-05 

0.240
22 #N/A 

124.0
757 2-Propionylpyrrole C7H9NO   

124.07
57 

2.98E
-05 

0.240
22 #N/A 

124.0
757 4-Hydroxybenzylamine C7H9NO   

124.07
57 

2.98E
-05 

0.240
22 #N/A 

124.0
757 

1-Ethyl-1H-pyrrole-2-
carboxaldehyde C7H9NO   

124.07
57 

2.98E
-05 

0.240
22 #N/A 

124.0
757 2-Acetyl-1-methylpyrrole C7H9NO   

124.07
57 

2.98E
-05 

0.240
22 #N/A 

124.9
998 Gamma-Butyrolactone C4H6O2 

C017
70 

124.99
99 

-9.4E-
05 

-
0.748

51 
0.33782

6 

124.9
998 Oxolan-3-one C4H6O2   

124.99
99 

-9.4E-
05 

-
0.748

51 
0.33782

6 

124.9
998 Diacetyl C4H6O2 

C007
41 

124.99
99 

-9.4E-
05 

-
0.748

51 
0.33782

6 

124.9
998 Ethenyl acetate C4H6O2 

C193
09 

124.99
99 

-9.4E-
05 

-
0.748

51 
0.33782

6 

124.9
998 Methyl acrylate C4H6O2 

C194
43 

124.99
99 

-9.4E-
05 

-
0.748

51 
0.33782

6 

125.0
168 3-Mercaptolactic acid C3H6O3S 

C058
23 

125.01
78 

-
0.000

92 

-
7.382

58 #N/A 

125.0
709 Methylimidazole acetaldehyde C6H8N2O 

C058
27 

125.07
09 

-2.8E-
05 

-
0.220

7 #N/A 
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125.0
709 2-Methoxy-3-methylpyrazine C6H8N2O   

125.07
09 

-2.8E-
05 

-
0.220

7 #N/A 

125.0
709 2-Methoxy-5-methylpyrazine C6H8N2O   

125.07
09 

-2.8E-
05 

-
0.220

7 #N/A 

125.0
709 2-Methoxy-6-methylpyrazine C6H8N2O   

125.07
09 

-2.8E-
05 

-
0.220

7 #N/A 

125.0
709 Erythritol C4H10O4 

C005
03 

125.07
19 

-
0.000

98 

-
7.861

07 #N/A 

125.0
709 D-Threitol C4H10O4 

C168
84 

125.07
19 

-
0.000

98 

-
7.861

07 #N/A 

126.0
031 Gamma-Butyrolactone C4H6O2 

C017
70 

126.00
33 

-
0.000

15 

-
1.150

77 
0.33782

6 

126.0
031 Oxolan-3-one C4H6O2   

126.00
33 

-
0.000

15 

-
1.150

77 
0.33782

6 

126.0
031 Diacetyl C4H6O2 

C007
41 

126.00
33 

-
0.000

15 

-
1.150

77 
0.33782

6 

126.0
031 Ethenyl acetate C4H6O2 

C193
09 

126.00
33 

-
0.000

15 

-
1.150

77 
0.33782

6 

126.0
031 Methyl acrylate C4H6O2 

C194
43 

126.00
33 

-
0.000

15 

-
1.150

77 
0.33782

6 

126.0
372 4-Methyl-5-vinylthiazole C6H7NS   

126.03
72 

2.02E
-05 

0.160
199 #N/A 

126.0
372 2-Pyridinemethanethiol C6H7NS   

126.03
72 

2.02E
-05 

0.160
199 #N/A 

126.0
464 Nicotinic acid C6H5NO2 

C002
53 

126.04
6 

0.000
382 

3.027
135 #N/A 

126.0
464 Picolinic acid C6H5NO2 

C101
64 

126.04
6 

0.000
382 

3.027
135 #N/A 

126.0
464 

2-Hydroxy-4-imino-2,5-
cyclohexadienone C6H5NO2   

126.04
6 

0.000
382 

3.027
135 #N/A 

126.0
914 

6-Acetyl-1,2,3,4-
tetrahydropyridine C7H11NO   

126.09
13 

2.43E
-05 

0.192
582 #N/A 

126.0
914 

3,4-Dihydro-5-propanoyl-2H-
pyrrole C7H11NO   

126.09
13 

2.43E
-05 

0.192
582 #N/A 

126.0
914 2-Methyl-4-propyloxazole C7H11NO   

126.09
13 

2.43E
-05 

0.192
582 #N/A 

126.0
914 4-Methyl-2-propyloxazole C7H11NO   

126.09
13 

2.43E
-05 

0.192
582 #N/A 

126.0
914 2-Methyl-5-propyloxazole C7H11NO   

126.09
13 

2.43E
-05 

0.192
582 #N/A 
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126.0
914 5-Methyl-2-propyloxazole C7H11NO   

126.09
13 

2.43E
-05 

0.192
582 #N/A 

126.0
914 2-Ethyl-4,5-dimethyloxazole C7H11NO   

126.09
13 

2.43E
-05 

0.192
582 #N/A 

126.0
914 4-Ethyl-2,5-dimethyloxazole C7H11NO   

126.09
13 

2.43E
-05 

0.192
582 #N/A 

126.0
914 5-Ethyl-2,4-dimethyloxazole C7H11NO   

126.09
13 

2.43E
-05 

0.192
582 #N/A 

126.0
914 4-Butyloxazole C7H11NO   

126.09
13 

2.43E
-05 

0.192
582 #N/A 

126.0
914 5-Butyloxazole C7H11NO   

126.09
13 

2.43E
-05 

0.192
582 #N/A 

126.0
914 

2-Ethyl-5-imino-1-
cyclopenten-1-ol C7H11NO   

126.09
13 

2.43E
-05 

0.192
582 #N/A 

127.0
434 Iso-Valeraldehyde C5H10O 

C073
29 

127.04
3 

0.000
39 

3.070
38 #N/A 

127.0
434 Prenol C5H10O 

C013
90 

127.04
3 

0.000
39 

3.070
38 #N/A 

127.0
434 Pentanal C5H10O   

127.04
3 

0.000
39 

3.070
38 #N/A 

127.0
434 (S)-2-Methylbutanal C5H10O   

127.04
3 

0.000
39 

3.070
38 #N/A 

127.0
434 (Â±)-2-Methylbutanal C5H10O 

C022
23 

127.04
3 

0.000
39 

3.070
38 #N/A 

127.0
434 (E)-2-Penten-1-ol C5H10O   

127.04
3 

0.000
39 

3.070
38 #N/A 

127.0
434 1-Penten-3-ol C5H10O   

127.04
3 

0.000
39 

3.070
38 #N/A 

127.0
434 Isoprenyl alcohol C5H10O   

127.04
3 

0.000
39 

3.070
38 #N/A 

127.0
434 2-Pentanone C5H10O 

C019
49 

127.04
3 

0.000
39 

3.070
38 #N/A 

127.0
434 2-Methyl-2-buten-1-ol C5H10O   

127.04
3 

0.000
39 

3.070
38 #N/A 

127.0
434 xi-3-Methyl-3-buten-2-ol C5H10O   

127.04
3 

0.000
39 

3.070
38 #N/A 

128.0
503 2,3-Diaminopropionic acid C3H8N2O2 

C034
01 

128.05
12 

-
0.000

86 

-
6.716

9 #N/A 

128.9
859 Pyruvic acid C3H4O3 

C000
22 

128.98
59 

-5E-
05 

-
0.388

38 #N/A 

128.9
859 Malonic semialdehyde C3H4O3 

C002
22 

128.98
59 

-5E-
05 

-
0.388

38 #N/A 

128.9
859 Glucosereductone C3H4O3   

128.98
59 

-5E-
05 

-
0.388

38 #N/A 
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129.0
044 3-(Methylthio)-1-propene C4H8S   

129.00
45 

-
0.000

13 

-
1.023

1 #N/A 

129.0
044 cis-2,3-Dimethylthiirane C4H8S   

129.00
45 

-
0.000

13 

-
1.023

1 #N/A 

129.0
229 Ethylphosphate C2H7O4P   

129.02
22 

0.000
741 

5.744
174 #N/A 

129.0
229 Isobutyric acid C4H8O2 

C026
32 

129.02
23 

0.000
625 

4.842
96 #N/A 

129.0
229 Methyl propionate C4H8O2   

129.02
23 

0.000
625 

4.842
96 #N/A 

129.0
229 Ethyl acetate C4H8O2 

C008
49 

129.02
23 

0.000
625 

4.842
96 #N/A 

129.0
229 1-Hydroxy-2-butanone C4H8O2   

129.02
23 

0.000
625 

4.842
96 #N/A 

129.0
229 Propyl formate C4H8O2   

129.02
23 

0.000
625 

4.842
96 #N/A 

129.0
229 Isopropyl formate C4H8O2   

129.02
23 

0.000
625 

4.842
96 #N/A 

129.0
447 1,2,3-Trihydroxybenzene C6H6O3 

C011
08 

129.04
57 

-
0.000

99 

-
7.688

09 #N/A 

129.0
447 1,3,5-Trihydroxybenzene C6H6O3 

C021
83 

129.04
57 

-
0.000

99 

-
7.688

09 #N/A 

129.0
447 Methyl 2-furoate C6H6O3   

129.04
57 

-
0.000

99 

-
7.688

09 #N/A 

129.0
447 Maltol C6H6O3 

C119
18 

129.04
57 

-
0.000

99 

-
7.688

09 #N/A 

129.0
447 

4-Hydroxy-2H-pyran-3-
carboxaldehyde C6H6O3   

129.04
57 

-
0.000

99 

-
7.688

09 #N/A 

129.0
447 (Z)-Tamarindienal C6H6O3   

129.04
57 

-
0.000

99 

-
7.688

09 #N/A 

129.0
447 

5-Hydroxymethyl-2-
furancarboxaldehyde C6H6O3 

C111
01 

129.04
57 

-
0.000

99 

-
7.688

09 #N/A 

129.0
572 Thymine C5H6N2O2 

C001
78 

129.05
69 

0.000
316 

2.450
894 #N/A 

129.0
572 Imidazoleacetic acid C5H6N2O2 

C028
35 

129.05
69 

0.000
316 

2.450
894 #N/A 

129.0
572 1H-Imidazole-1-acetic acid C5H6N2O2   

129.05
69 

0.000
316 

2.450
894 #N/A 

129.0
654 Dihydrothymine C5H8N2O2 

C009
06 

129.06
59 

-
0.000

49 

-
3.786

01 #N/A 
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129.0
654 Squamolone C5H8N2O2   

129.06
59 

-
0.000

49 

-
3.786

01 #N/A 

129.0
654 L-Cyclo(alanylglycyl) C5H8N2O2   

129.06
59 

-
0.000

49 

-
3.786

01 #N/A 

129.0
698 Putrescine C4H12N2 

C001
34 

129.06
99 

-8.3E-
05 

-
0.642

25 #N/A 

130.0
349 Benzaldehyde C7H6O 

C001
93 

130.03
44 

0.000
452 

3.473
069 #N/A 

130.0
349 2,3-Butanediol C4H10O2 

C002
65 

130.03
46 

0.000
297 

2.282
997 

11.3971
5 

130.0
349 1,1-Dimethoxyethane C4H10O2   

130.03
46 

0.000
297 

2.282
997 

11.3971
5 

130.0
349 2-Ethoxyethanol C4H10O2 

C146
87 

130.03
46 

0.000
297 

2.282
997 

11.3971
5 

130.0
349 1,3-Butanediol C4H10O2   

130.03
46 

0.000
297 

2.282
997 

11.3971
5 

130.0
349 (2R,3R)-2,3-Butanediol C4H10O2 

C030
44 

130.03
46 

0.000
297 

2.282
997 

11.3971
5 

130.0
4 2-(Methylthiomethyl)furan C6H8OS   

130.04
02 

-
0.000

26 

-
1.970

53 #N/A 

130.0
4 2-Methyl-3-(methylthio)furan C6H8OS   

130.04
02 

-
0.000

26 

-
1.970

53 #N/A 

130.0
4 2-(1-Mercaptoethyl)furan C6H8OS   

130.04
02 

-
0.000

26 

-
1.970

53 #N/A 

130.0
4 5-Methyl-2-furanmethanethiol C6H8OS   

130.04
02 

-
0.000

26 

-
1.970

53 #N/A 

130.0
4 2,5-Dimethyl-3-furanthiol C6H8OS   

130.04
02 

-
0.000

26 

-
1.970

53 #N/A 

130.0
4 Hydroxyminaline C5H5NO3   

130.04
09 

-
0.000

97 

-
7.448

03 #N/A 

130.0
644 Isoquinoline C9H7N 

C063
23 

130.06
51 

-
0.000

74 

-
5.683

44 #N/A 

130.0
652 Isoquinoline C9H7N 

C063
23 

130.06
51 

2.72E
-05 

0.209
224 0.21082 

130.0
777 

D-1-Piperideine-2-carboxylic 
acid C6H9NO2 

C040
92 

130.07
73 

0.000
383 

2.942
47 #N/A 

130.0
777 

(S)-2,3,4,5-
Tetrahydropiperidine-2-
carboxylate C6H9NO2   

130.07
73 

0.000
383 

2.942
47 #N/A 
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130.0
777 

(Â±)-4-Methylene-2-
pyrrolidinecarboxylic acid C6H9NO2   

130.07
73 

0.000
383 

2.942
47 #N/A 

131.0
603 Osmundalactone C6H8O3   

131.06
13 

-
0.000

98 

-
7.493

94 #N/A 

131.0
603 

3-Hydroxy-4,5-dimethyl-2(5H)-
furanone C6H8O3   

131.06
13 

-
0.000

98 

-
7.493

94 #N/A 

131.0
603 2-Ethyl-3,4-dihydroxyfuran C6H8O3   

131.06
13 

-
0.000

98 

-
7.493

94 #N/A 

131.0
603 

L-erythro-5-(1-Hydroxyethyl)-
2(5H)-furanone C6H8O3   

131.06
13 

-
0.000

98 

-
7.493

94 #N/A 

131.0
603 

5,6-Dihydro-4-methoxy-2H-
pyran-2-one C6H8O3   

131.06
13 

-
0.000

98 

-
7.493

94 #N/A 

131.0
603 

xi-5-Acetyltetrahydro-2(3H)-
furanone C6H8O3   

131.06
13 

-
0.000

98 

-
7.493

94 #N/A 

131.0
603 (Â±)-Furaneol C6H8O3   

131.06
13 

-
0.000

98 

-
7.493

94 #N/A 

131.0
603 2,7-Oxepanedione C6H8O3   

131.06
13 

-
0.000

98 

-
7.493

94 #N/A 

131.0
684 Isoquinoline C9H7N 

C063
23 

131.06
85 

-5E-
05 

-
0.377

7 0.21082 

131.0
729 Dihydrothymine C5H8N2O2 

C009
06 

131.07
26 

0.000
343 

2.613
767 #N/A 

131.0
729 Squamolone C5H8N2O2   

131.07
26 

0.000
343 

2.613
767 #N/A 

131.0
729 L-Cyclo(alanylglycyl) C5H8N2O2   

131.07
26 

0.000
343 

2.613
767 #N/A 

132.0
505 Anisole C7H8O 

C014
03 

132.05
01 

0.000
449 

3.403
543 

12.9134
5 

132.0
569 Pyroglutamic acid C5H7NO3 

C018
79 

132.05
66 

0.000
348 

2.633
338 #N/A 

132.0
569 Pyrrolidonecarboxylic acid C5H7NO3 

C022
37 

132.05
66 

0.000
348 

2.633
338 #N/A 

132.0
569 

Pyrroline hydroxycarboxylic 
acid C5H7NO3 

C042
81 

132.05
66 

0.000
348 

2.633
338 #N/A 

132.0
569 N-Acryloylglycine C5H7NO3   

132.05
66 

0.000
348 

2.633
338 #N/A 

132.0
569 

1-Pyrroline-4-hydroxy-2-
carboxylate C5H7NO3 

C042
82 

132.05
66 

0.000
348 

2.633
338 #N/A 

133.0
448 4-Aminophenol C6H7NO 

C023
72 

133.04
53 

-
0.000

54 

-
4.085

41 
9.75019

5 
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133.0
448 2-Acetylpyrrole C6H7NO   

133.04
53 

-
0.000

54 

-
4.085

41 
9.75019

5 

133.0
448 

1-Methyl-2-
pyrrolecarboxaldehyde C6H7NO   

133.04
53 

-
0.000

54 

-
4.085

41 
9.75019

5 

133.0
76 

1-Methylpyrrolo[1,2-
a]pyrazine C8H8N2   

133.07
6 

-3.2E-
05 

-
0.242

82 #N/A 

133.0
76 

4-Methylpyrrolo[1,2-
a]pyrazine C8H8N2   

133.07
6 

-3.2E-
05 

-
0.242

82 #N/A 

133.0
76 2-Ketohexanoic acid C6H10O3 

C009
02 

133.07
7 

-
0.000

99 

-
7.423

59 #N/A 

133.0
76 Mevalonolactone C6H10O3   

133.07
7 

-
0.000

99 

-
7.423

59 #N/A 

133.0
76 3-Oxohexanoic acid C6H10O3 

C021
22 

133.07
7 

-
0.000

99 

-
7.423

59 #N/A 

133.0
76 

5-Ethoxy-4,5-dihydro-
2(3H)furanone C6H10O3   

133.07
7 

-
0.000

99 

-
7.423

59 #N/A 

133.0
76 Ethyl acetoacetate C6H10O3   

133.07
7 

-
0.000

99 

-
7.423

59 #N/A 

133.0
76 Ethyl 3-oxobutanoate C6H10O3 

C035
00 

133.07
7 

-
0.000

99 

-
7.423

59 #N/A 

133.0
76 Sherry lactone C6H10O3   

133.07
7 

-
0.000

99 

-
7.423

59 #N/A 

133.0
76 

(4S,6S)-3,4,5,6-Tetrahydro-4-
hydroxy-6-methyl-2H-pyran-2-
one C6H10O3   

133.07
7 

-
0.000

99 

-
7.423

59 #N/A 

133.0
76 Acetoin acetate C6H10O3   

133.07
7 

-
0.000

99 

-
7.423

59 #N/A 

133.0
76 Methyl levulinate C6H10O3   

133.07
7 

-
0.000

99 

-
7.423

59 #N/A 

133.0
885 

L-cis-3-Amino-2-
pyrrolidinecarboxylic acid 

C5H10N2O
2   

133.08
82 

0.000
328 

2.463
883 #N/A 

133.0
885 

D-1-Amino-2-
pyrrolidinecarboxylic acid 

C5H10N2O
2   

133.08
82 

0.000
328 

2.463
883 #N/A 

134.0
482 4-Aminophenol C6H7NO 

C023
72 

134.04
87 

-
0.000

52 

-
3.883

02 
9.75019

5 
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134.0
482 2-Acetylpyrrole C6H7NO   

134.04
87 

-
0.000

52 

-
3.883

02 
9.75019

5 

134.0
482 

1-Methyl-2-
pyrrolecarboxaldehyde C6H7NO   

134.04
87 

-
0.000

52 

-
3.883

02 
9.75019

5 

134.0
6 Indoxyl C8H7NO 

C056
58 134.06 

-8.2E-
05 

-
0.614

92 #N/A 

134.0
6 4-Hydroxybenzeneacetonitrile C8H7NO 

C037
66 134.06 

-8.2E-
05 

-
0.614

92 #N/A 

134.0
6 2-Methyl-4,5-benzoxazole C8H7NO   134.06 

-8.2E-
05 

-
0.614

92 #N/A 

134.0
6 

(Â±)-2-Hydroxy-2-
phenylacetonitrile C8H7NO   134.06 

-8.2E-
05 

-
0.614

92 #N/A 

134.0
712 

3-Methylpyrrolo[1,2-
a]pyrazine C7H7N3   

134.07
13 

-7E-
05 

-
0.520

21 
14.4818

4 

134.0
712 

4-Mercapto-4-methyl-2-
pentanone C6H12OS   

134.07
15 

-
0.000

31 

-
2.334

87 #N/A 

134.0
712 

2,5-Dimethyl-3-
mercaptotetrahydrofuran C6H12OS   

134.07
15 

-
0.000

31 

-
2.334

87 #N/A 

134.0
712 4-(Methylthio)-2-pentanone C6H12OS   

134.07
15 

-
0.000

31 

-
2.334

87 #N/A 

134.0
712 3-Mercapto-2-methylpentanal C6H12OS   

134.07
15 

-
0.000

31 

-
2.334

87 #N/A 

134.0
964 1,2,3,4-Tetrahydroisoquinoline C9H11N   

134.09
64 

-4.7E-
05 

-
0.350

09 #N/A 

134.9
242 Hydrogen phosphate HO4P 

C012
93 

134.92
44 

-
0.000

23 

-
1.712

69 #N/A 

135.0
292 L-Malic acid C4H6O5 

C001
49 

135.02
88 

0.000
353 

2.613
319 #N/A 

135.0
292 Malic acid C4H6O5 

C007
11 

135.02
88 

0.000
353 

2.613
319 #N/A 

135.0
292 D-Malic acid C4H6O5 

C004
97 

135.02
88 

0.000
353 

2.613
319 #N/A 

135.0
292 Velcorin C4H6O5   

135.02
88 

0.000
353 

2.613
319 #N/A 

135.0
292 3,3-Dimethyl-1,2-dithiolane C5H10S2   

135.02
97 

-
0.000

52 

-
3.817

86 #N/A 
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135.0
292 

Tetrahydro-2-methyl-2-
thiophenethiol C5H10S2   

135.02
97 

-
0.000

52 

-
3.817

86 #N/A 

135.0
292 

Tetrahydro-2-methyl-3-
thiophenethiol C5H10S2   

135.02
97 

-
0.000

52 

-
3.817

86 #N/A 

135.0
604 

N-Acetyl-2,3-dihydro-1H-
pyrrole C6H9NO   

135.06
1 

-
0.000

57 

-
4.197

49 11.2528 

135.0
604 

5-Acetyl-3,4-dihydro-2H-
pyrrole C6H9NO   

135.06
1 

-
0.000

57 

-
4.197

49 11.2528 

135.0
604 2-Ethyl-4-methyloxazole C6H9NO   

135.06
1 

-
0.000

57 

-
4.197

49 11.2528 

135.0
604 4-Ethyl-2-methyloxazole C6H9NO   

135.06
1 

-
0.000

57 

-
4.197

49 11.2528 

135.0
604 2-Ethyl-5-methyloxazole C6H9NO   

135.06
1 

-
0.000

57 

-
4.197

49 11.2528 

135.0
604 5-Ethyl-2-methyloxazole C6H9NO   

135.06
1 

-
0.000

57 

-
4.197

49 11.2528 

135.0
604 5-Ethyl-4-methyloxazole C6H9NO   

135.06
1 

-
0.000

57 

-
4.197

49 11.2528 

135.0
604 

5-Imino-2-methyl-1-
cyclopenten-1-ol C6H9NO   

135.06
1 

-
0.000

57 

-
4.197

49 11.2528 

135.0
604 Trimethyloxazole C6H9NO   

135.06
1 

-
0.000

57 

-
4.197

49 11.2528 

135.0
678 Ureidopropionic acid C4H8N2O3 

C026
42 

135.06
75 

0.000
336 

2.486
334 #N/A 

135.0
678 L-Asparagine C4H8N2O3 

C001
52 

135.06
75 

0.000
336 

2.486
334 #N/A 

135.0
678 Glycyl-glycine C4H8N2O3 

C020
37 

135.06
75 

0.000
336 

2.486
334 #N/A 

135.0
678 N-Carbamoylsarcosine C4H8N2O3 

C010
43 

135.06
75 

0.000
336 

2.486
334 #N/A 

135.0
678 D-Asparagine C4H8N2O3 

C019
05 

135.06
75 

0.000
336 

2.486
334 #N/A 

135.0
917 5,6,7,8-Tetrahydroquinoxaline C8H10N2   

135.09
17 

-2.1E-
05 

-
0.152

88 #N/A 

135.0
917 3,5-Dimethyl-2-vinylpyrazine C8H10N2   

135.09
17 

-2.1E-
05 

-
0.152

88 #N/A 
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135.0
917 

6,7-Dihydro-2-methyl-5H-
cyclopenta[b]pyrazine C8H10N2   

135.09
17 

-2.1E-
05 

-
0.152

88 #N/A 

135.0
917 

6,7-Dihydro-5-methyl-5H-
cyclopenta[b]pyrazine C8H10N2   

135.09
17 

-2.1E-
05 

-
0.152

88 #N/A 

135.0
917 

2-Methyl-6-(1-
propenyl)pyrazine C8H10N2   

135.09
17 

-2.1E-
05 

-
0.152

88 #N/A 

135.0
917 

2-Methyl-3-(1-
propenyl)pyrazine C8H10N2   

135.09
17 

-2.1E-
05 

-
0.152

88 #N/A 

135.0
917 

2-Methyl-6-(2-
propenyl)pyrazine C8H10N2   

135.09
17 

-2.1E-
05 

-
0.152

88 #N/A 

135.0
917 

2-Methyl-5-(2-
propenyl)pyrazine C8H10N2   

135.09
17 

-2.1E-
05 

-
0.152

88 #N/A 

135.0
917 

2-Methyl-3-(2-
propenyl)pyrazine C8H10N2   

135.09
17 

-2.1E-
05 

-
0.152

88 #N/A 

135.0
917 

2-Methyl-5-(1-
propenyl)pyrazine C8H10N2   

135.09
17 

-2.1E-
05 

-
0.152

88 #N/A 

135.0
917 (5R)-5-Hydroxyhexanoic acid C6H12O3   

135.09
26 

-
0.000

98 

-
7.226

51 #N/A 

135.0
917 5-Hydroxyhexanoic acid C6H12O3   

135.09
26 

-
0.000

98 

-
7.226

51 #N/A 

135.0
917 2-Hydroxycaproic acid C6H12O3   

135.09
26 

-
0.000

98 

-
7.226

51 #N/A 

135.0
917 (R)-3-Hydroxyhexanoic acid C6H12O3   

135.09
26 

-
0.000

98 

-
7.226

51 #N/A 

135.0
917 6-Hydroxyhexanoic acid C6H12O3 

C061
03 

135.09
26 

-
0.000

98 

-
7.226

51 #N/A 

135.0
917 

(+/-)-1-Acetoxy-1-
ethoxyethane C6H12O3   

135.09
26 

-
0.000

98 

-
7.226

51 #N/A 

135.0
917 Paraldehyde C6H12O3 

C078
34 

135.09
26 

-
0.000

98 

-
7.226

51 #N/A 

135.0
917 Ethyl (Â±)-3-hydroxybutyrate C6H12O3   

135.09
26 

-
0.000

98 

-
7.226

51 #N/A 
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135.0
917 Butoxyacetic acid C6H12O3   

135.09
26 

-
0.000

98 

-
7.226

51 #N/A 

135.1
168 1-Nitrohexane C6H14NO2   

135.11
64 

0.000
334 

2.470
292 #N/A 

136.0
455 

trans-1,2-Dihydrobenzene-1,2-
diol C6H8O2 

C042
21 

136.04
5 

0.000
509 

3.744
61 #N/A 

136.0
455 1,2-Cyclohexanedione C6H8O2 

C061
05 

136.04
5 

0.000
509 

3.744
61 #N/A 

136.0
455 

3-Methyl-1,2-
cyclopentanedione C6H8O2   

136.04
5 

0.000
509 

3.744
61 #N/A 

136.0
455 (E)-4-Oxo-2-hexen-1-al C6H8O2   

136.04
5 

0.000
509 

3.744
61 #N/A 

136.0
455 2,5-Dimethyl-3(2H)-furanone C6H8O2   

136.04
5 

0.000
509 

3.744
61 #N/A 

136.0
455 Syoyualdehyde C6H8O2   

136.04
5 

0.000
509 

3.744
61 #N/A 

136.0
455 2-(Methoxymethyl)furan C6H8O2   

136.04
5 

0.000
509 

3.744
61 #N/A 

136.0
455 

xi-3,5-Dimethyl-2(5H)-
furanone C6H8O2   

136.04
5 

0.000
509 

3.744
61 #N/A 

136.0
455 5,5-Dimethyl-2(5H)-furanone C6H8O2   

136.04
5 

0.000
509 

3.744
61 #N/A 

136.0
505 Ethyl 2-mercaptopropionate C5H10O2S   

136.05
08 

-
0.000

28 

-
2.091

76 #N/A 

136.0
505 

Ethyl 3-mercaptopropanoic 
acid C5H10O2S   

136.05
08 

-
0.000

28 

-
2.091

76 #N/A 

136.0
505 L-Aspartic acid C4H7NO4 

C000
49 

136.05
15 

-
0.001 

-
7.327

27 #N/A 

136.0
505 D-Aspartic acid C4H7NO4 

C004
02 

136.05
15 

-
0.001 

-
7.327

27 #N/A 

136.0
505 Iminodiacetic acid C4H7NO4 

C199
11 

136.05
15 

-
0.001 

-
7.327

27 #N/A 

136.0
618 Adenine C5H5N5 

C001
47 

136.06
18 

-1.4E-
05 

-
0.101

72 #N/A 

136.0
757 N-Acetylarylamine C8H9NO 

C075
65 

136.07
57 

-7.8E-
06 

-
0.057

01 #N/A 

136.0
757 2-Phenylacetamide C8H9NO 

C025
05 

136.07
57 

-7.8E-
06 

-
0.057

01 #N/A 

136.0
757 2-Aminoacetophenone C8H9NO   

136.07
57 

-7.8E-
06 

-
0.057

01 #N/A 
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136.0
757 2'-Aminoacetophenone C8H9NO   

136.07
57 

-7.8E-
06 

-
0.057

01 #N/A 

136.0
757 2-Acetyl-4-methylpyridine C8H9NO   

136.07
57 

-7.8E-
06 

-
0.057

01 #N/A 

136.0
757 2-Acetyl-6-methylpyridine C8H9NO   

136.07
57 

-7.8E-
06 

-
0.057

01 #N/A 

136.0
757 

2,3-Dihydro-1H-pyrrolizine-5-
carboxaldehyde C8H9NO   

136.07
57 

-7.8E-
06 

-
0.057

01 #N/A 

136.0
757 

5-(2-Furanyl)-3,4-dihydro-2H-
pyrrole C8H9NO   

136.07
57 

-7.8E-
06 

-
0.057

01 #N/A 

136.0
757 2-Acetyl-5-methylpyridine C8H9NO   

136.07
57 

-7.8E-
06 

-
0.057

01 #N/A 

136.0
757 4-Acetyl-2-methylpyridine C8H9NO   

136.07
57 

-7.8E-
06 

-
0.057

01 #N/A 

136.0
757 4-Acetyl-3-methylpyridine C8H9NO   

136.07
57 

-7.8E-
06 

-
0.057

01 #N/A 

136.0
757 Histamine C5H9N3 

C003
88 

136.07
56 

0.000
107 

0.787
639 #N/A 

136.0
766 N-Acetylarylamine C8H9NO 

C075
65 

136.07
57 

0.000
899 

6.607
749 #N/A 

136.0
766 2-Phenylacetamide C8H9NO 

C025
05 

136.07
57 

0.000
899 

6.607
749 #N/A 

136.0
766 2-Aminoacetophenone C8H9NO   

136.07
57 

0.000
899 

6.607
749 #N/A 

136.0
766 2'-Aminoacetophenone C8H9NO   

136.07
57 

0.000
899 

6.607
749 #N/A 

136.0
766 2-Acetyl-4-methylpyridine C8H9NO   

136.07
57 

0.000
899 

6.607
749 #N/A 

136.0
766 2-Acetyl-6-methylpyridine C8H9NO   

136.07
57 

0.000
899 

6.607
749 #N/A 

136.0
766 

2,3-Dihydro-1H-pyrrolizine-5-
carboxaldehyde C8H9NO   

136.07
57 

0.000
899 

6.607
749 #N/A 

136.0
766 

5-(2-Furanyl)-3,4-dihydro-2H-
pyrrole C8H9NO   

136.07
57 

0.000
899 

6.607
749 #N/A 

136.0
766 2-Acetyl-5-methylpyridine C8H9NO   

136.07
57 

0.000
899 

6.607
749 #N/A 

136.0
766 4-Acetyl-2-methylpyridine C8H9NO   

136.07
57 

0.000
899 

6.607
749 #N/A 

136.0
766 4-Acetyl-3-methylpyridine C8H9NO   

136.07
57 

0.000
899 

6.607
749 #N/A 
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136.9
998 2-Furanmethanol C5H6O2   

136.99
99 

-
0.000

16 

-
1.146

6 #N/A 

136.9
998 5-Methyl-2(3H)-furanone C5H6O2   

136.99
99 

-
0.000

16 

-
1.146

6 #N/A 

136.9
998 

5-Hydroxy-4-pentenoic acid d-
lactone C5H6O2   

136.99
99 

-
0.000

16 

-
1.146

6 #N/A 

137.0
085 

S-Methyl 2-propene-1-
sulfinothioate C4H8OS2   

137.00
89 

-
0.000

44 

-
3.241

16 
11.5027

3 

137.0
085 

S-2-Propenyl 
methanesulfinothioate C4H8OS2   

137.00
89 

-
0.000

44 

-
3.241

16 
11.5027

3 

137.0
085 

(Z)-S-Methyl 1-
propenesulfinothioate C4H8OS2   

137.00
89 

-
0.000

44 

-
3.241

16 
11.5027

3 

137.0
085 

(Z)-S-1-Propenyl 
methanesulfinothioate C4H8OS2   

137.00
89 

-
0.000

44 

-
3.241

16 
11.5027

3 

137.0
274 2-Methyl-2-cyclopenten-1-one C6H8O   

137.02
74 

2.39E
-05 

0.174
376 #N/A 

137.0
274 3-Methyl-2-cyclopenten-1-one C6H8O   

137.02
74 

2.39E
-05 

0.174
376 #N/A 

137.0
274 2,4-Dimethylfuran C6H8O   

137.02
74 

2.39E
-05 

0.174
376 #N/A 

137.0
274 2,5-Dimethylfuran C6H8O   

137.02
74 

2.39E
-05 

0.174
376 #N/A 

137.0
274 (E,E)-2,4-Hexadienal C6H8O   

137.02
74 

2.39E
-05 

0.174
376 #N/A 

137.0
274 2-Ethylfuran C6H8O   

137.02
74 

2.39E
-05 

0.174
376 #N/A 

137.0
709 N-Methylnicotinamide C7H8N2O   

137.07
09 

-4.5E-
05 

-
0.327

56 #N/A 

137.0
709 2-Acetyl-3-methylpyrazine C7H8N2O   

137.07
09 

-4.5E-
05 

-
0.327

56 #N/A 

137.0
709 2-Aminobenzamide C7H8N2O 

C175
12 

137.07
09 

-4.5E-
05 

-
0.327

56 #N/A 

137.0
709 4-Acetyl-2-methylpyrimidine C7H8N2O   

137.07
09 

-4.5E-
05 

-
0.327

56 #N/A 

137.1
073 5-Ethyl-2,3-dimethylpyrazine C8H12N2   

137.10
73 

-1.8E-
05 

-
0.134

38 #N/A 
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137.1
073 

2-Ethyl-3,(5 or 6)-
dimethylpyrazine C8H12N2   

137.10
73 

-1.8E-
05 

-
0.134

38 #N/A 

137.1
073 Tetramethylpyrazine C8H12N2   

137.10
73 

-1.8E-
05 

-
0.134

38 #N/A 

137.1
073 2,5-Diethylpyrazine C8H12N2   

137.10
73 

-1.8E-
05 

-
0.134

38 #N/A 

137.1
073 2,6-Diethylpyrazine C8H12N2   

137.10
73 

-1.8E-
05 

-
0.134

38 #N/A 

137.1
073 2-Isopropyl-5-methylpyrazine C8H12N2   

137.10
73 

-1.8E-
05 

-
0.134

38 #N/A 

137.1
073 2-Methyl-5-propylpyrazine C8H12N2   

137.10
73 

-1.8E-
05 

-
0.134

38 #N/A 

137.1
073 2-Ethyl-3,5-dimethylpyrazine C8H12N2   

137.10
73 

-1.8E-
05 

-
0.134

38 #N/A 

137.1
073 2-Methyl-3-propylpyrazine C8H12N2   

137.10
73 

-1.8E-
05 

-
0.134

38 #N/A 

137.1
073 2,3-Diethylpyrazine C8H12N2   

137.10
73 

-1.8E-
05 

-
0.134

38 #N/A 

137.1
073 

Polypropylene glycol (m w 
1,200-3,000) C6H14O3   

137.10
83 

-
0.000

97 

-
7.104

02 #N/A 

138.0
121 

S-Methyl 2-propene-1-
sulfinothioate C4H8OS2   

138.01
23 

-
0.000

22 

-
1.569

41 
11.5027

3 

138.0
121 

S-2-Propenyl 
methanesulfinothioate C4H8OS2   

138.01
23 

-
0.000

22 

-
1.569

41 
11.5027

3 

138.0
121 

(Z)-S-Methyl 1-
propenesulfinothioate C4H8OS2   

138.01
23 

-
0.000

22 

-
1.569

41 
11.5027

3 

138.0
121 

(Z)-S-1-Propenyl 
methanesulfinothioate C4H8OS2   

138.01
23 

-
0.000

22 

-
1.569

41 
11.5027

3 

138.0
661 

(+)-threo-2-Amino-3,4-
dihydroxybutanoic acid C4H9NO4   

138.06
71 

-
0.001 

-
7.225

77 #N/A 

138.0
913 Tyramine C8H11NO 

C004
83 

138.09
13 

-4.1E-
05 

-
0.295

75 #N/A 
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138.0
913 2-Hydroxyphenethylamine C8H11NO 

C027
35 

138.09
13 

-4.1E-
05 

-
0.295

75 #N/A 

138.0
913 Dimethylaniline-N-oxide C8H11NO 

C011
83 

138.09
13 

-4.1E-
05 

-
0.295

75 #N/A 

138.0
913 m-Tyramine C8H11NO   

138.09
13 

-4.1E-
05 

-
0.295

75 #N/A 

138.0
913 2-Acetyl-1-ethylpyrrole C8H11NO   

138.09
13 

-4.1E-
05 

-
0.295

75 #N/A 

138.0
913 

1,2,3,4,5,6-Hexahydro-7H-
cyclopenta[b]pyridin-7-one C8H11NO   

138.09
13 

-4.1E-
05 

-
0.295

75 #N/A 

138.0
913 (Â±)-2-(2-Furanyl)pyrrolidine C8H11NO   

138.09
13 

-4.1E-
05 

-
0.295

75 #N/A 

139.0
154 

S-Methyl 2-propene-1-
sulfinothioate C4H8OS2   

139.01
56 

-
0.000

24 

-
1.761

31 
11.5027

3 

139.0
154 

S-2-Propenyl 
methanesulfinothioate C4H8OS2   

139.01
56 

-
0.000

24 

-
1.761

31 
11.5027

3 

139.0
154 

(Z)-S-Methyl 1-
propenesulfinothioate C4H8OS2   

139.01
56 

-
0.000

24 

-
1.761

31 
11.5027

3 

139.0
154 

(Z)-S-1-Propenyl 
methanesulfinothioate C4H8OS2   

139.01
56 

-
0.000

24 

-
1.761

31 
11.5027

3 

139.0
154 3-Methylbutyrolactone C5H8O2   

139.01
56 

-
0.000

19 

-
1.369

75 
406.489

5 

139.0
154 Glutaral C5H8O2 

C125
18 

139.01
56 

-
0.000

19 

-
1.369

75 
406.489

5 

139.0
154 

Dihydro-2-methyl-3(2H)-
furanone C5H8O2   

139.01
56 

-
0.000

19 

-
1.369

75 
406.489

5 

139.0
154 2,3-Pentanedione C5H8O2   

139.01
56 

-
0.000

19 

-
1.369

75 
406.489

5 

139.0
154 2,4-Pentanedione C5H8O2 

C154
99 

139.01
56 

-
0.000

19 

-
1.369

75 
406.489

5 

139.0
154 Isopropenyl acetate C5H8O2   

139.01
56 

-
0.000

19 

-
1.369

75 
406.489

5 
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139.0
154 Methyl methacrylate C5H8O2 

C145
27 

139.01
56 

-
0.000

19 

-
1.369

75 
406.489

5 

139.0
154 

Dihydro-5-methyl-2(3H)-
furanone C5H8O2   

139.01
56 

-
0.000

19 

-
1.369

75 
406.489

5 

139.0
154 Ethyl acrylate C5H8O2 

C192
38 

139.01
56 

-
0.000

19 

-
1.369

75 
406.489

5 

139.0
154 

Dihydro-3-methyl-2(3H)-
furanone C5H8O2   

139.01
56 

-
0.000

19 

-
1.369

75 
406.489

5 

139.0
328 3-keto-2-Methylbutyrate C5H7O3   

139.03
21 

0.000
729 

5.244
739 #N/A 

139.0
534 Hypoxanthine C5H4N4O 

C002
62 

139.05
25 

0.000
93 

6.685
964 #N/A 

139.0
534 

xi-4,5-Dihydro-2,4(5)-
dimethyl-1H-imidazole C5H10N2   

139.05
43 

-
0.000

84 

-
6.039

8 #N/A 

139.0
542 

xi-4,5-Dihydro-2,4(5)-
dimethyl-1H-imidazole C5H10N2   

139.05
43 

-5.7E-
05 

-
0.410

19 
492.124

8 

139.0
866 2-Ethoxy-3-methylpyrazine C7H10N2O   

139.08
66 

-2E-
06 

-
0.014

16 #N/A 

139.0
866 3-Ethyl-2-methoxypyrazine C7H10N2O   

139.08
66 

-2E-
06 

-
0.014

16 #N/A 

139.0
866 2-Ethoxy-5-methylpyrazine C7H10N2O   

139.08
66 

-2E-
06 

-
0.014

16 #N/A 

139.0
866 2-Ethoxy-6-methylpyrazine C7H10N2O   

139.08
66 

-2E-
06 

-
0.014

16 #N/A 

139.0
866 

2-Methoxy-3,5-
dimethylpyrimidine C7H10N2O   

139.08
66 

-2E-
06 

-
0.014

16 #N/A 

139.0
866 2-Methylerythritol  C5H12O4   

139.08
75 

-
0.000

96 

-
6.884

62 #N/A 

139.0
866 3-Deoxy-D-arabinitol C5H12O4   

139.08
75 

-
0.000

96 

-
6.884

62 #N/A 

139.0
866 2-Deoxy-D-ribitol C5H12O4   

139.08
75 

-
0.000

96 

-
6.884

62 #N/A 

139.0
866 1-Deoxy-D-ribitol C5H12O4   

139.08
75 

-
0.000

96 

-
6.884

62 #N/A 
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140.0
62 p-Aminobenzoic acid C7H7NO2 

C005
68 

140.06
17 

0.000
323 

2.309
218 #N/A 

140.0
62 3-Pyridylacetic acid C7H7NO2   

140.06
17 

0.000
323 

2.309
218 #N/A 

140.0
62 Methyl nicotinate C7H7NO2   

140.06
17 

0.000
323 

2.309
218 #N/A 

140.0
818 Histidinal C6H9N3O   

140.08
18 

-7.3E-
05 

-
0.518

86 #N/A 

140.9
797 Mesoxalic acid C3H2O5 

C008
30 

140.97
94 

0.000
241 

1.707
889 #N/A 

141.0
223 3-Methylbutyrolactone C5H8O2   

141.02
23 

-2.5E-
05 

-
0.178

86 
406.489

5 

141.0
223 Glutaral C5H8O2 

C125
18 

141.02
23 

-2.5E-
05 

-
0.178

86 
406.489

5 

141.0
223 

Dihydro-2-methyl-3(2H)-
furanone C5H8O2   

141.02
23 

-2.5E-
05 

-
0.178

86 
406.489

5 

141.0
223 2,3-Pentanedione C5H8O2   

141.02
23 

-2.5E-
05 

-
0.178

86 
406.489

5 

141.0
223 2,4-Pentanedione C5H8O2 

C154
99 

141.02
23 

-2.5E-
05 

-
0.178

86 
406.489

5 

141.0
223 Isopropenyl acetate C5H8O2   

141.02
23 

-2.5E-
05 

-
0.178

86 
406.489

5 

141.0
223 Methyl methacrylate C5H8O2 

C145
27 

141.02
23 

-2.5E-
05 

-
0.178

86 
406.489

5 

141.0
223 

Dihydro-5-methyl-2(3H)-
furanone C5H8O2   

141.02
23 

-2.5E-
05 

-
0.178

86 
406.489

5 

141.0
223 Ethyl acrylate C5H8O2 

C192
38 

141.02
23 

-2.5E-
05 

-
0.178

86 
406.489

5 

141.0
223 

Dihydro-3-methyl-2(3H)-
furanone C5H8O2   

141.02
23 

-2.5E-
05 

-
0.178

86 
406.489

5 

141.0
481 

2-Methyl-(3 or 5 or 6)-
(methylthio)pyrazine (mixture 
of isomers) C6H8N2S   

141.04
81 

-2.3E-
05 

-
0.166 #N/A 

141.0
481 Pyrazineethanethiol C6H8N2S   

141.04
81 

-2.3E-
05 

-
0.166 #N/A 

141.0
481 

2-Methyl-5-
(methylthio)pyrazine C6H8N2S   

141.04
81 

-2.3E-
05 

-
0.166 #N/A 

141.0
481 

2-Methyl-6-
(methylthio)pyrazine C6H8N2S   

141.04
81 

-2.3E-
05 

-
0.166 #N/A 
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141.0
481 5-Hydroxypyrazinamide C5H5N3O2 

C019
56 

141.04
88 

-
0.000

74 

-
5.216

03 #N/A 

141.0
572 2,4-Dimethyl-5-vinylthiazole C7H9NS   

141.05
62 

0.000
99 

7.021
877 #N/A 

141.0
572 Urocanic acid C6H6N2O2 

C007
85 

141.05
69 

0.000
278 

1.972
101 #N/A 

141.0
572 Nicotinamide N-oxide C6H6N2O2   

141.05
69 

0.000
278 

1.972
101 #N/A 

141.0
572 

5-Oxo-2(5H)-
isoxazolepropanenitrile C6H6N2O2   

141.05
69 

0.000
278 

1.972
101 #N/A 

141.0
572 (E)-Urocanic acid C6H6N2O2   

141.05
69 

0.000
278 

1.972
101 #N/A 

142.0
732 Diethylenetriamine C4H13N3   

142.07
41 

-
0.000

91 

-
6.375

98 #N/A 

142.0
777 3,4-Dihydroxybenzylamine C7H9NO2   

142.07
73 

0.000
352 

2.480
205 #N/A 

142.0
777 5-Acetyl-2,4-dimethyloxazole C7H9NO2   

142.07
73 

0.000
352 

2.480
205 #N/A 

143.0
103 2-Hydroxybutyric acid C4H8O3 

C059
84 

143.01
05 

-
0.000

17 

-
1.172

8 #N/A 

143.0
103 (R)-3-Hydroxybutyric acid C4H8O3 

C010
89 

143.01
05 

-
0.000

17 

-
1.172

8 #N/A 

143.0
103 (S)-3-Hydroxyisobutyric acid C4H8O3 

C060
01 

143.01
05 

-
0.000

17 

-
1.172

8 #N/A 

143.0
103 (R)-3-Hydroxyisobutyric acid C4H8O3   

143.01
05 

-
0.000

17 

-
1.172

8 #N/A 

143.0
103 3-Hydroxybutyric acid C4H8O3 

C010
89 

143.01
05 

-
0.000

17 

-
1.172

8 #N/A 

143.0
103 (S)-3-Hydroxybutyric acid C4H8O3 

C031
97 

143.01
05 

-
0.000

17 

-
1.172

8 #N/A 

143.0
103 4-Hydroxybutyric acid C4H8O3 

C009
89 

143.01
05 

-
0.000

17 

-
1.172

8 #N/A 

143.0
103 Ethoxyacetic acid C4H8O3   

143.01
05 

-
0.000

17 

-
1.172

8 #N/A 

143.0
426 2-Methoxybenzenethiol C7H8OS   

143.04
36 

-
0.001 

-
6.968

91 #N/A 

143.0
426 Kahweofuran C7H8OS   

143.04
36 

-
0.001 

-
6.968

91 #N/A 
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143.0
426 2-Acetyl-3-methylthiophene C7H8OS   

143.04
36 

-
0.001 

-
6.968

91 #N/A 

143.0
729 1,3-Dimethyluracil C6H8N2O2   

143.07
26 

0.000
325 

2.274
308 #N/A 

143.0
729 Imidazolepropionic acid C6H8N2O2   

143.07
26 

0.000
325 

2.274
308 #N/A 

143.0
729 Methylimidazoleacetic acid C6H8N2O2 

C058
28 

143.07
26 

0.000
325 

2.274
308 #N/A 

143.0
729 Pi-Methylimidazoleacetic acid C6H8N2O2   

143.07
26 

0.000
325 

2.274
308 #N/A 

143.0
855 Cadaverine C5H14N2 

C016
72 

143.08
56 

-8.6E-
05 

-
0.603

95 #N/A 

143.0
855 N-Methylputrescine C5H14N2 

C027
23 

143.08
56 

-8.6E-
05 

-
0.603

95 #N/A 

144.0
808 Diethylenetriamine C4H13N3   

144.08
08 

-4.9E-
05 

-
0.343

12 #N/A 

145.0
172 2-Hydroxybutyric acid C4H8O3 

C059
84 

145.01
72 

-2.2E-
05 

-
0.150

41 
121.457

1 

145.0
172 (R)-3-Hydroxybutyric acid C4H8O3 

C010
89 

145.01
72 

-2.2E-
05 

-
0.150

41 
121.457

1 

145.0
172 (S)-3-Hydroxyisobutyric acid C4H8O3 

C060
01 

145.01
72 

-2.2E-
05 

-
0.150

41 
121.457

1 

145.0
172 (R)-3-Hydroxyisobutyric acid C4H8O3   

145.01
72 

-2.2E-
05 

-
0.150

41 
121.457

1 

145.0
172 3-Hydroxybutyric acid C4H8O3 

C010
89 

145.01
72 

-2.2E-
05 

-
0.150

41 
121.457

1 

145.0
172 (S)-3-Hydroxybutyric acid C4H8O3 

C031
97 

145.01
72 

-2.2E-
05 

-
0.150

41 
121.457

1 

145.0
172 4-Hydroxybutyric acid C4H8O3 

C009
89 

145.01
72 

-2.2E-
05 

-
0.150

41 
121.457

1 

145.0
172 Ethoxyacetic acid C4H8O3   

145.01
72 

-2.2E-
05 

-
0.150

41 
121.457

1 

145.0
639 (1-Methylethenyl)pyrazine C7H8N2   

145.06
47 

-
0.000

8 

-
5.485

94 #N/A 

145.0
639 2-Methyl-5-vinylpyrazine C7H8N2   

145.06
47 

-
0.000

8 

-
5.485

94 #N/A 
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145.0
639 2-Methyl-3-vinylpyrazine C7H8N2   

145.06
47 

-
0.000

8 

-
5.485

94 #N/A 

145.0
639 1-Propenylpyrazine C7H8N2   

145.06
47 

-
0.000

8 

-
5.485

94 #N/A 

145.0
648 (1-Methylethenyl)pyrazine C7H8N2   

145.06
47 

9.72E
-05 

0.670
137 #N/A 

145.0
648 2-Methyl-5-vinylpyrazine C7H8N2   

145.06
47 

9.72E
-05 

0.670
137 #N/A 

145.0
648 2-Methyl-3-vinylpyrazine C7H8N2   

145.06
47 

9.72E
-05 

0.670
137 #N/A 

145.0
648 1-Propenylpyrazine C7H8N2   

145.06
47 

9.72E
-05 

0.670
137 #N/A 

145.0
76 5-Methylquinoxaline C9H8N2   

145.07
6 

-6.5E-
05 

-
0.449

04 #N/A 

145.0
76 2-Aminoquinoline C9H8N2   

145.07
6 

-6.5E-
05 

-
0.449

04 #N/A 

146.0
124 3-(Methylthio)-1-propanol C4H10OS   

146.01
17 

0.000
673 

4.611
153 #N/A 

146.0
124 3-Mercapto-2-butanol C4H10OS   

146.01
17 

0.000
673 

4.611
153 #N/A 

146.0
124 4-Mercapto-2-butanol C4H10OS   

146.01
17 

0.000
673 

4.611
153 #N/A 

146.0
124 L-Serine C3H7NO3 

C000
65 

146.01
25 

-3.9E-
05 

-
0.267

23 #N/A 

146.0
124 D-Serine C3H7NO3 

C007
40 

146.01
25 

-3.9E-
05 

-
0.267

23 #N/A 

146.0
526 

3-Hydroxyadipic acid 3,6-
lactone C6H8O4   

146.05
29 

-
0.000

25 

-
1.738

27 #N/A 

146.0
599 1H-Indole-3-carboxaldehyde C9H7NO 

C084
93 146.06 

-9.7E-
05 

-
0.662

5 0.32308 

146.0
712 

S-(3-Methyl-2-butenyl) 
ethanethioate C7H12OS   

146.07
15 

-
0.000

29 

-
1.977

04 
7.44103

3 

146.9
965 Glyceric acid C3H6O4 

C002
58 

146.99
65 

-6.4E-
07 

-
0.004

34 #N/A 

146.9
965 L-Glyceric acid C3H6O4   

146.99
65 

-6.4E-
07 

-
0.004

34 #N/A 

146.9
965 D-2,3-Dihydroxypropanoic acid C3H6O4   

146.99
65 

-6.4E-
07 

-
0.004

34 #N/A 
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147.0
44 Chromone C9H6O2   

147.04
41 

-8.6E-
05 

-
0.585

93 #N/A 

147.0
44 2-Benzofurancarboxaldehyde C9H6O2   

147.04
41 

-8.6E-
05 

-
0.585

93 #N/A 

147.0
44 Niacinamide C6H6N2O 

C001
53 

147.04
39 

2.88E
-05 

0.195
713 #N/A 

147.0
44 2-Acetylpyrazine C6H6N2O   

147.04
39 

2.88E
-05 

0.195
713 #N/A 

147.0
604 p-Anisidine C7H9NO 

C193
26 

147.06
1 

-
0.000

54 

-
3.676

72 
31.7579

2 

147.0
604 2-Propionylpyrrole C7H9NO   

147.06
1 

-
0.000

54 

-
3.676

72 
31.7579

2 

147.0
604 4-Hydroxybenzylamine C7H9NO   

147.06
1 

-
0.000

54 

-
3.676

72 
31.7579

2 

147.0
604 

1-Ethyl-1H-pyrrole-2-
carboxaldehyde C7H9NO   

147.06
1 

-
0.000

54 

-
3.676

72 
31.7579

2 

147.0
604 2-Acetyl-1-methylpyrrole C7H9NO   

147.06
1 

-
0.000

54 

-
3.676

72 
31.7579

2 

147.0
633 1H-Indole-3-carboxaldehyde C9H7NO 

C084
93 

147.06
34 

-9E-
05 

-
0.614

74 0.32308 

148.0
454 4-Methylcatechol C7H8O2 

C067
30 

148.04
5 

0.000
398 

2.689
276 #N/A 

148.0
454 Guaiacol C7H8O2 

C015
02 

148.04
5 

0.000
398 

2.689
276 #N/A 

148.0
454 4-Hydroxybenzyl alcohol C7H8O2 

C174
67 

148.04
5 

0.000
398 

2.689
276 #N/A 

148.0
454 Mequinol C7H8O2   

148.04
5 

0.000
398 

2.689
276 #N/A 

148.0
454 1-(2-Furanyl)-2-propanone C7H8O2   

148.04
5 

0.000
398 

2.689
276 #N/A 

148.0
454 2-Acetyl-3-methylfuran C7H8O2   

148.04
5 

0.000
398 

2.689
276 #N/A 

148.0
454 2-Acetyl-5-methylfuran C7H8O2   

148.04
5 

0.000
398 

2.689
276 #N/A 

148.0
454 1-(2-Furanyl)-1-propanone C7H8O2   

148.04
5 

0.000
398 

2.689
276 #N/A 

148.0
683 Adipic acid C6H10O4 

C061
04 

148.06
85 

-
0.000

25 

-
1.711

64 #N/A 

148.0
683 2,2-Dimethylsuccinic acid C6H10O4   

148.06
85 

-
0.000

25 

-
1.711

64 #N/A 
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148.0
683 Dimethyl succinate C6H10O4   

148.06
85 

-
0.000

25 

-
1.711

64 #N/A 

148.0
756 

4-(2-Furanylmethylene)-3,4-
dihydro-2H-pyrrole C9H9NO   

148.07
57 

-9.9E-
05 

-
0.669

25 #N/A 

148.9
435 1,2,4-Trithiolane C2H4S3   

148.94
34 

2.63E
-05 

0.176
339 #N/A 

149.0
454 3-Hydroxyglutaric acid C5H8O5   

149.04
44 

0.000
921 

6.181
458 

2.98353
3 

149.0
454 D-2-Hydroxyglutaric acid C5H8O5 

C010
87 

149.04
44 

0.000
921 

6.181
458 

2.98353
3 

149.0
454 L-2-Hydroxyglutaric acid C5H8O5 

C031
96 

149.04
44 

0.000
921 

6.181
458 

2.98353
3 

149.0
454 Ribonolactone C5H8O5 

C026
74 

149.04
44 

0.000
921 

6.181
458 

2.98353
3 

149.0
454 D-Xylono-1,5-lactone C5H8O5 

C022
66 

149.04
44 

0.000
921 

6.181
458 

2.98353
3 

149.0
709 Adipic acid C6H10O4 

C061
04 

149.07
19 

-
0.001 

-
6.701

63 
380.234

4 

149.0
709 2,2-Dimethylsuccinic acid C6H10O4   

149.07
19 

-
0.001 

-
6.701

63 
380.234

4 

149.0
709 Dimethyl succinate C6H10O4   

149.07
19 

-
0.001 

-
6.701

63 
380.234

4 

149.0
762 

6-Acetyl-1,2,3,4-
tetrahydropyridine C7H11NO   

149.07
66 

-
0.000

48 

-
3.205

43 #N/A 

149.0
762 

3,4-Dihydro-5-propanoyl-2H-
pyrrole C7H11NO   

149.07
66 

-
0.000

48 

-
3.205

43 #N/A 

149.0
762 2-Methyl-4-propyloxazole C7H11NO   

149.07
66 

-
0.000

48 

-
3.205

43 #N/A 

149.0
762 4-Methyl-2-propyloxazole C7H11NO   

149.07
66 

-
0.000

48 

-
3.205

43 #N/A 

149.0
762 2-Methyl-5-propyloxazole C7H11NO   

149.07
66 

-
0.000

48 

-
3.205

43 #N/A 

149.0
762 5-Methyl-2-propyloxazole C7H11NO   

149.07
66 

-
0.000

48 

-
3.205

43 #N/A 

149.0
762 2-Ethyl-4,5-dimethyloxazole C7H11NO   

149.07
66 

-
0.000

48 

-
3.205

43 #N/A 
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149.0
762 4-Ethyl-2,5-dimethyloxazole C7H11NO   

149.07
66 

-
0.000

48 

-
3.205

43 #N/A 

149.0
762 5-Ethyl-2,4-dimethyloxazole C7H11NO   

149.07
66 

-
0.000

48 

-
3.205

43 #N/A 

149.0
762 4-Butyloxazole C7H11NO   

149.07
66 

-
0.000

48 

-
3.205

43 #N/A 

149.0
762 5-Butyloxazole C7H11NO   

149.07
66 

-
0.000

48 

-
3.205

43 #N/A 

149.0
762 

2-Ethyl-5-imino-1-
cyclopenten-1-ol C7H11NO   

149.07
66 

-
0.000

48 

-
3.205

43 #N/A 

150.0
121 Dihydroxyfumaric acid C4H4O6 

C009
75 

150.01
14 

0.000
657 

4.380
048 #N/A 

150.0
121 

Dihydro-4-mercapto-5-methyl-
3(2H)-thiophenone C5H8OS2   

150.01
23 

-
0.000

21 

-
1.408

82 
11.1217

3 

150.0
121 3-Acetyl-1,2-dithiolane C5H8OS2   

150.01
23 

-
0.000

21 

-
1.408

82 
11.1217

3 

150.0
464 Indole-5,6-quinone C8H5NO2 

C055
79 

150.04
6 

0.000
391 

2.607
134 

152.304
4 

150.0
464 Agrocybin C8H5NO2   

150.04
6 

0.000
391 

2.607
134 

152.304
4 

150.0
464 

5-Aminoimidazole-4-
carboxamide C4H6N4O 

C040
51 

150.04
67 

-
0.000

33 

-
2.188

63 #N/A 

150.0
611 3-Ethyl-1,2-cyclopentanedione C7H10O2   

150.06
07 

0.000
43 

2.867
328 #N/A 

150.0
611 

Enol-3-Ethyl-1,2-
cyclopentanedione C7H10O2   

150.06
07 

0.000
43 

2.867
328 #N/A 

150.0
611 

4-Hydroxy-4-methyl-5-
hexenoic acid gamma lactone C7H10O2   

150.06
07 

0.000
43 

2.867
328 #N/A 

150.0
611 

xi-4-Hydroxy-4-methyl-2-
cyclohexen-1-one C7H10O2   

150.06
07 

0.000
43 

2.867
328 #N/A 

150.0
611 

3-Methyl-1,2-
cyclohexanedione C7H10O2   

150.06
07 

0.000
43 

2.867
328 #N/A 

150.0
611 3-(3-Ethyloxiranyl)-2-propenal C7H10O2   

150.06
07 

0.000
43 

2.867
328 #N/A 

150.0
611 

3,5-Dimethyl-1,2-
cyclopentanedione C7H10O2   

150.06
07 

0.000
43 

2.867
328 #N/A 

150.0
611 2-(Ethoxymethyl)furan C7H10O2   

150.06
07 

0.000
43 

2.867
328 #N/A 

150.0
611 xi-5-Isopropyl-2(5H)-furanone C7H10O2   

150.06
07 

0.000
43 

2.867
328 #N/A 

150.9
391 2,2,2-Trichloroethanol C2H3Cl3O 

C074
90 

150.93
89 

0.000
183 

1.210
923 #N/A 
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150.9
391 1,3-Dichloropropene C3H4Cl2 

C066
09 

150.93
89 

0.000
243 

1.610
404 #N/A 

150.9
765 Methyl methanethiosulfonate C2H6O2S2   

150.97
68 

-
0.000

4 

-
2.636

59 #N/A 

151.0
154 Dihydroxyfumaric acid C4H4O6 

C009
75 

151.01
48 

0.000
645 

4.271
678 #N/A 

151.0
154 

Dihydro-4-mercapto-5-methyl-
3(2H)-thiophenone C5H8OS2   

151.01
56 

-
0.000

22 

-
1.478

73 
11.1217

3 

151.0
154 3-Acetyl-1,2-dithiolane C5H8OS2   

151.01
56 

-
0.000

22 

-
1.478

73 
11.1217

3 

151.0
154 

trans-1,2-Dihydrobenzene-1,2-
diol C6H8O2 

C042
21 

151.01
56 

-
0.000

17 

-
1.118

28 #N/A 

151.0
154 1,2-Cyclohexanedione C6H8O2 

C061
05 

151.01
56 

-
0.000

17 

-
1.118

28 #N/A 

151.0
154 

3-Methyl-1,2-
cyclopentanedione C6H8O2   

151.01
56 

-
0.000

17 

-
1.118

28 #N/A 

151.0
154 (E)-4-Oxo-2-hexen-1-al C6H8O2   

151.01
56 

-
0.000

17 

-
1.118

28 #N/A 

151.0
154 2,5-Dimethyl-3(2H)-furanone C6H8O2   

151.01
56 

-
0.000

17 

-
1.118

28 #N/A 

151.0
154 Syoyualdehyde C6H8O2   

151.01
56 

-
0.000

17 

-
1.118

28 #N/A 

151.0
154 2-(Methoxymethyl)furan C6H8O2   

151.01
56 

-
0.000

17 

-
1.118

28 #N/A 

151.0
154 

xi-3,5-Dimethyl-2(5H)-
furanone C6H8O2   

151.01
56 

-
0.000

17 

-
1.118

28 #N/A 

151.0
154 5,5-Dimethyl-2(5H)-furanone C6H8O2   

151.01
56 

-
0.000

17 

-
1.118

28 #N/A 

151.0
231 Tartaric acid C4H6O6 

C008
98 

151.02
37 

-
0.000

59 

-
3.903

88 
218.760

6 

151.0
231 D-Tartaric acid C4H6O6 

C021
07 

151.02
37 

-
0.000

59 

-
3.903

88 
218.760

6 

151.0
241 Tartaric acid C4H6O6 

C008
98 

151.02
37 

0.000
433 

2.868
608 

1.20743
8 

151.0
241 D-Tartaric acid C4H6O6 

C021
07 

151.02
37 

0.000
433 

2.868
608 

1.20743
8 
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151.0
241 

2-Methyl-2-
(methyldithio)propanal C5H10OS2   

151.02
46 

-
0.000

44 

-
2.881

45 0.86595 

151.0
498 

5-Aminoimidazole-4-
carboxamide C4H6N4O 

C040
51 

151.05
01 

-
0.000

31 

-
2.063

36 #N/A 

152.0
277 Tartaric acid C4H6O6 

C008
98 

152.02
71 

0.000
635 

4.179
229 

1.20743
8 

152.0
277 D-Tartaric acid C4H6O6 

C021
07 

152.02
71 

0.000
635 

4.179
229 

1.20743
8 

152.0
277 

2-Methyl-2-
(methyldithio)propanal C5H10OS2   

152.02
79 

-
0.000

23 

-
1.532

89 0.86595 

152.0
62 5,6-Dihydroxyindole C8H7NO2 

C055
78 

152.06
17 

0.000
369 

2.424
427 #N/A 

152.1
07 N-Methylphenylethanolamine C9H13NO 

C037
11 

152.10
7 

1.48E
-05 

0.097
408 #N/A 

152.1
07 N-Methyltyramine C9H13NO 

C024
42 

152.10
7 

1.48E
-05 

0.097
408 #N/A 

152.1
07 

1,2,3,4,5,6-Hexahydro-6-
methyl-7H-
cyclopenta[b]pyridin-7-one C9H13NO   

152.10
7 

1.48E
-05 

0.097
408 #N/A 

152.1
07 

2,3,4,5,6,7-
Hexahydrocyclopent[b]azepin-
8(1H)-one C9H13NO   

152.10
7 

1.48E
-05 

0.097
408 #N/A 

152.1
07 

2-(1-Pyrrolidinyl)-2-
cyclopenten-1-one C9H13NO   

152.10
7 

1.48E
-05 

0.097
408 #N/A 

152.1
07 2-(2-Furanyl)piperidine C9H13NO   

152.10
7 

1.48E
-05 

0.097
408 #N/A 

152.1
07 1-Furfurylpyrrolidine C9H13NO   

152.10
7 

1.48E
-05 

0.097
408 #N/A 

152.1
07 

2-(5-Methyl-2-
furanyl)pyrrolidine C9H13NO   

152.10
7 

1.48E
-05 

0.097
408 #N/A 

153.0
034 1,4-Dithiane-2,5-diol C4H8O2S2   

153.00
38 

-
0.000

41 

-
2.672

39 #N/A 

153.0
034 Dihydroasparagusic acid C4H8O2S2 

C043
71 

153.00
38 

-
0.000

41 

-
2.672

39 #N/A 

153.0
071 Dihydrouracil C4H6N2O2 

C004
29 

153.00
61 

0.000
983 

6.424
339 

0.30778
8 

153.0
071 N-Methylhydantoin C4H6N2O2 

C025
65 

153.00
61 

0.000
983 

6.424
339 

0.30778
8 

153.0
23 

trans-1,2-Dihydrobenzene-1,2-
diol C6H8O2 

C042
21 

153.02
23 

0.000
672 

4.390
877 #N/A 

153.0
23 1,2-Cyclohexanedione C6H8O2 

C061
05 

153.02
23 

0.000
672 

4.390
877 #N/A 

153.0
23 

3-Methyl-1,2-
cyclopentanedione C6H8O2   

153.02
23 

0.000
672 

4.390
877 #N/A 
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153.0
23 (E)-4-Oxo-2-hexen-1-al C6H8O2   

153.02
23 

0.000
672 

4.390
877 #N/A 

153.0
23 2,5-Dimethyl-3(2H)-furanone C6H8O2   

153.02
23 

0.000
672 

4.390
877 #N/A 

153.0
23 Syoyualdehyde C6H8O2   

153.02
23 

0.000
672 

4.390
877 #N/A 

153.0
23 2-(Methoxymethyl)furan C6H8O2   

153.02
23 

0.000
672 

4.390
877 #N/A 

153.0
23 

xi-3,5-Dimethyl-2(5H)-
furanone C6H8O2   

153.02
23 

0.000
672 

4.390
877 #N/A 

153.0
23 5,5-Dimethyl-2(5H)-furanone C6H8O2   

153.02
23 

0.000
672 

4.390
877 #N/A 

153.0
654 

N1-Methyl-2-pyridone-5-
carboxamide C7H8N2O2 

C058
42 

153.06
59 

-
0.000

46 

-
2.981

56 #N/A 

153.0
654 

N1-Methyl-4-pyridone-3-
carboxamide C7H8N2O2 

C058
43 

153.06
59 

-
0.000

46 

-
2.981

56 #N/A 

153.0
799 

1-Methoxy-3-methylene-2-
pentanone C7H12O2   

153.07
97 

0.000
285 

1.865
001 #N/A 

153.0
799 4-Methyl-5-hexanolide C7H12O2   

153.07
97 

0.000
285 

1.865
001 #N/A 

153.0
799 Cyclohexanecarboxylic acid C7H12O2 

C098
22 

153.07
97 

0.000
285 

1.865
001 #N/A 

153.0
799 Cyclohexyl formate C7H12O2   

153.07
97 

0.000
285 

1.865
001 #N/A 

153.0
799 2,3-Heptanedione C7H12O2   

153.07
97 

0.000
285 

1.865
001 #N/A 

153.0
799 5-Methyl-2,3-hexanedione C7H12O2   

153.07
97 

0.000
285 

1.865
001 #N/A 

153.0
799 

Dihydro-5-propyl-2(3H)-
furanone C7H12O2   

153.07
97 

0.000
285 

1.865
001 #N/A 

153.0
799 4-Pentenyl acetate C7H12O2   

153.07
97 

0.000
285 

1.865
001 #N/A 

153.0
799 2-Hexenyl formate C7H12O2   

153.07
97 

0.000
285 

1.865
001 #N/A 

153.0
799 cis-3-Hexenyl formate C7H12O2   

153.07
97 

0.000
285 

1.865
001 #N/A 

153.1
021 

2-Methoxy-(3 or 5 or 6)-
isopropylpyrazine C8H12N2O   

153.10
22 

-
0.000

1 

-
0.671

91 #N/A 

153.1
021 

2-Isopropyl-5-
methoxypyrazine C8H12N2O   

153.10
22 

-
0.000

1 

-
0.671

91 #N/A 

153.1
021 

2-Isopropyl-6-
methoxypyrazine C8H12N2O   

153.10
22 

-
0.000

1 

-
0.671

91 #N/A 

153.1
021 

2-Isopropyl-3-
methoxypyrazine C8H12N2O   

153.10
22 

-
0.000

1 

-
0.671

91 #N/A 
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154.0
651 (Â±)-2-Propylthiazolidine C6H13NS   

154.06
61 

-
0.000

99 

-
6.446

74 #N/A 

154.0
732 FAPy-adenine C5H7N5O 

C065
02 

154.07
23 

0.000
826 

5.358
952 #N/A 

154.1
225 psi-Pelletierine C9H15NO 

C108
65 

154.12
26 

-9.2E-
05 

-
0.595

8 #N/A 

154.1
225 2-Butyl-4,5-dimethyloxazole C9H15NO   

154.12
26 

-9.2E-
05 

-
0.595

8 #N/A 

154.1
225 4-Butyl-2,5-dimethyloxazole C9H15NO   

154.12
26 

-9.2E-
05 

-
0.595

8 #N/A 

154.1
225 2-Isobutyl-4,5-dimethyloxazole C9H15NO   

154.12
26 

-9.2E-
05 

-
0.595

8 #N/A 

154.1
225 5-Butyl-2,4-dimethyloxazole C9H15NO   

154.12
26 

-9.2E-
05 

-
0.595

8 #N/A 

155.0
051 

4-Hydroxy-5-methyl-3(2H)-
thiophenone C5H6O2S   

155.00
48 

0.000
278 

1.794
441 #N/A 

155.0
051 3-keto-2-Methylbutyrate C5H7O3   

155.00
6 

-
0.000

98 

-
6.296

4 #N/A 

155.0
19 1,4-Dithiothreitol 

C4H10O2S
2 

C002
65 

155.01
95 

-
0.000

47 

-
3.030

93 
0.10680

8 

155.0
379 Delta-Hexanolactone C6H10O2   

155.03
79 

-1.4E-
05 

-
0.092

64 #N/A 

155.0
379 Gamma-Caprolactone C6H10O2   

155.03
79 

-1.4E-
05 

-
0.092

64 #N/A 

155.0
379 Allyl propionate C6H10O2   

155.03
79 

-1.4E-
05 

-
0.092

64 #N/A 

155.0
379 2,3-Hexanedione C6H10O2   

155.03
79 

-1.4E-
05 

-
0.092

64 #N/A 

155.0
379 3,4-Hexanedione C6H10O2   

155.03
79 

-1.4E-
05 

-
0.092

64 #N/A 

155.0
379 4-Methyl-2,3-pentanedione C6H10O2   

155.03
79 

-1.4E-
05 

-
0.092

64 #N/A 

155.0
379 5-Oxohexanal C6H10O2   

155.03
79 

-1.4E-
05 

-
0.092

64 #N/A 
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156.0
186 

1-(2-Thienyl)-1,2-
propanedione C7H6O2S   

156.01
95 

-
0.000

87 

-
5.601

04 #N/A 

156.0
186 Iminoaspartic acid C4H5NO4 

C058
40 

156.01
78 

0.000
822 

5.267
116 #N/A 

156.0
505 Diethylphosphate C4H11O4P 

C066
08 

156.05
01 

0.000
417 

2.669
144 #N/A 

156.0
505 (Z)-3-Phenyl-2-propenal C9H8O   

156.05
01 

0.000
455 

2.915
694 #N/A 

156.0
505 Isopropyl propionate C6H12O2   

156.05
02 

0.000
3 

1.924
023 #N/A 

156.0
505 Propyl propionate C6H12O2   

156.05
02 

0.000
3 

1.924
023 #N/A 

156.0
505 2-Methylpropyl acetate C6H12O2   

156.05
02 

0.000
3 

1.924
023 #N/A 

156.0
505 Ethyl 2-methylpropanoate C6H12O2   

156.05
02 

0.000
3 

1.924
023 #N/A 

156.0
505 n-Butyl acetate C6H12O2 

C123
04 

156.05
02 

0.000
3 

1.924
023 #N/A 

156.0
505 Diacetone alcohol C6H12O2   

156.05
02 

0.000
3 

1.924
023 #N/A 

156.0
505 3-Methylbutyl formate C6H12O2 

C122
93 

156.05
02 

0.000
3 

1.924
023 #N/A 

156.0
505 2,2,4-Trimethyl-1,3-dioxolane C6H12O2   

156.05
02 

0.000
3 

1.924
023 #N/A 

156.0
505 2,4,5-Trimethyl-1,3-dioxolane C6H12O2   

156.05
02 

0.000
3 

1.924
023 #N/A 

156.0
505 Pentyl formate C6H12O2   

156.05
02 

0.000
3 

1.924
023 #N/A 

156.0
636 

L-2-Amino-5-
hydroxypentanoic acid C5H11NO3   

156.06
31 

0.000
519 

3.322
691 #N/A 

156.0
636 N-Lactoyl ethanolamine C5H11NO3   

156.06
31 

0.000
519 

3.322
691 #N/A 

156.0
636 

1,4-Dideoxy-1,4-imino-D-
ribitol C5H11NO3   

156.06
31 

0.000
519 

3.322
691 #N/A 

156.9
984 S-Propyl thiosulfate C3H8O3S2   

156.99
88 

-
0.000

39 

-
2.484

39 #N/A 

157.0
014 Oxalacetic acid C4H4O5 

C000
36 

157.00
18 

-
0.000

44 

-
2.825

58 #N/A 

157.0
76 3-Indoleacetonitrile C10H8N2 

C029
38 

157.07
6 

-5.9E-
05 

-
0.372

96 #N/A 

158.0
124 S-Methyl butanethioate C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 

158.0
124 4-(Methylthio)-2-butanone C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 

158.0
124 4-Mercapto-2-pentanone C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 
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158.0
124 S-Propyl thioacetate C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 

158.0
124 3-Mercapto-2-pentanone C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 

158.0
124 2-Mercapto-3-pentanone C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 

158.0
124 

Tetrahydro-2-methylthiophen-
3-ol C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 

158.0
124 

Tetrahydro-2-methyl-3-
furanthiol C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 

158.0
124 1-(Methylthio)-2-butanone C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 

158.0
124 4-(Methylthio)butanal C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 

158.0
124 xi-2-Methyl-1,3-oxathiane C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 

158.0
124 3-(Methylthio)butanal C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 

158.0
124 3-(Methylthio)-2-butanone C5H10OS   

158.01
17 

0.000
65 

4.113
563 

9.58138
8 

158.0
124 Acetylglycine C4H7NO3   

158.01
25 

-6.2E-
05 

-
0.394

33 #N/A 

158.0
124 L-2-Amino-3-oxobutanoic acid C4H7NO3 

C035
08 

158.01
25 

-6.2E-
05 

-
0.394

33 #N/A 

158.0
124 L-Aspartate-semialdehyde C4H7NO3 

C004
41 

158.01
25 

-6.2E-
05 

-
0.394

33 #N/A 

158.0
6 

3-Methylpyrrolo[1,2-
a]pyrazine C7H7N3   

158.05
99 

3.92E
-05 

0.247
892 #N/A 

158.9
782 

Dihydro-4-mercapto-3(2H)-
furanone C4H6O2S   

158.97
87 

-
0.000

47 

-
2.948

3 #N/A 

158.9
902 

S-Methyl 2-propene-1-
sulfinothioate C4H8OS2   

158.99
09 

-
0.000

7 

-
4.404

33 #N/A 

158.9
902 

S-2-Propenyl 
methanesulfinothioate C4H8OS2   

158.99
09 

-
0.000

7 

-
4.404

33 #N/A 

158.9
902 

(Z)-S-Methyl 1-
propenesulfinothioate C4H8OS2   

158.99
09 

-
0.000

7 

-
4.404

33 #N/A 

158.9
902 

(Z)-S-1-Propenyl 
methanesulfinothioate C4H8OS2   

158.99
09 

-
0.000

7 

-
4.404

33 #N/A 

159.0
076 Purine C5H4N4 

C155
87 

159.00
68 

0.000
895 

5.631
566 #N/A 

159.0
329 Phthalide C8H6O2 

C099
21 

159.03
27 

0.000
223 

1.404
419 #N/A 
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159.0
329 

3-Hydroxy-2-methyl-[R-(R,S)]-
butanoic acid C5H10O3   

159.03
29 

6.86E
-05 

0.431
348 

523.480
9 

159.0
329 

2-Methyl-3-hydroxybutyric 
acid C5H10O3   

159.03
29 

6.86E
-05 

0.431
348 

523.480
9 

159.0
329 2-Ethylhydracrylic acid C5H10O3   

159.03
29 

6.86E
-05 

0.431
348 

523.480
9 

159.0
329 

3-Hydroxy-2-methyl-[S-(R,R)]-
butanoic acid C5H10O3   

159.03
29 

6.86E
-05 

0.431
348 

523.480
9 

159.0
329 3-Hydroxyvaleric acid C5H10O3   

159.03
29 

6.86E
-05 

0.431
348 

523.480
9 

159.0
329 Erythronilic acid C5H10O3   

159.03
29 

6.86E
-05 

0.431
348 

523.480
9 

159.0
329 3-Hydroxyisovaleric acid C5H10O3   

159.03
29 

6.86E
-05 

0.431
348 

523.480
9 

159.0
329 2-Hydroxyvaleric acid C5H10O3   

159.03
29 

6.86E
-05 

0.431
348 

523.480
9 

159.0
329 Ethyl lactate C5H10O3   

159.03
29 

6.86E
-05 

0.431
348 

523.480
9 

159.0
329 Methyl 3-hydroxybutyrate C5H10O3   

159.03
29 

6.86E
-05 

0.431
348 

523.480
9 

159.0
614 N-Acetylarylamine C8H9NO 

C075
65 

159.06
1 

0.000
396 

2.492
06 #N/A 

159.0
614 2-Phenylacetamide C8H9NO 

C025
05 

159.06
1 

0.000
396 

2.492
06 #N/A 

159.0
614 2-Aminoacetophenone C8H9NO   

159.06
1 

0.000
396 

2.492
06 #N/A 

159.0
614 2'-Aminoacetophenone C8H9NO   

159.06
1 

0.000
396 

2.492
06 #N/A 

159.0
614 2-Acetyl-4-methylpyridine C8H9NO   

159.06
1 

0.000
396 

2.492
06 #N/A 

159.0
614 2-Acetyl-6-methylpyridine C8H9NO   

159.06
1 

0.000
396 

2.492
06 #N/A 

159.0
614 

2,3-Dihydro-1H-pyrrolizine-5-
carboxaldehyde C8H9NO   

159.06
1 

0.000
396 

2.492
06 #N/A 

159.0
614 

5-(2-Furanyl)-3,4-dihydro-2H-
pyrrole C8H9NO   

159.06
1 

0.000
396 

2.492
06 #N/A 

159.0
614 2-Acetyl-5-methylpyridine C8H9NO   

159.06
1 

0.000
396 

2.492
06 #N/A 

159.0
614 4-Acetyl-2-methylpyridine C8H9NO   

159.06
1 

0.000
396 

2.492
06 #N/A 

159.0
614 4-Acetyl-3-methylpyridine C8H9NO   

159.06
1 

0.000
396 

2.492
06 #N/A 

159.0
678 

5-Hydroxymethyl-4-
methyluracil C6H8N2O3   

159.06
75 

0.000
331 

2.079
823 #N/A 

159.0
678 

4-Imidazolone-5-propionic 
acid C6H8N2O3 

C036
80 

159.06
75 

0.000
331 

2.079
823 #N/A 

159.0
678 Imidazolelactic acid C6H8N2O3 

C051
32 

159.06
75 

0.000
331 

2.079
823 #N/A 

160.0
28 2-Benzoxazolol C7H5NO2   

160.02
8 

7.77E
-05 

0.485
342 #N/A 
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160.0
28 

3-Mercapto-2-methyl-1-
butanol C5H12OS   

160.02
74 

0.000
635 

3.969
439 #N/A 

160.0
28 

3-Mercapto-3-methyl-1-
butanol C5H12OS   

160.02
74 

0.000
635 

3.969
439 #N/A 

160.0
28 

xi-2-Mercapto-3-methyl-1-
butanol C5H12OS   

160.02
74 

0.000
635 

3.969
439 #N/A 

160.0
28 4-(Methylthio)-2-butanol C5H12OS   

160.02
74 

0.000
635 

3.969
439 #N/A 

160.0
28 4-(Methylthio)-1-butanol C5H12OS   

160.02
74 

0.000
635 

3.969
439 #N/A 

160.0
28 L-Threonine C4H9NO3 

C001
88 

160.02
81 

-7.7E-
05 

-
0.481

68 #N/A 

160.0
28 L-Homoserine C4H9NO3 

C002
63 

160.02
81 

-7.7E-
05 

-
0.481

68 #N/A 

160.0
28 L-Allothreonine C4H9NO3 

C055
19 

160.02
81 

-7.7E-
05 

-
0.481

68 #N/A 

160.0
454 Phenylacetic acid C8H8O2 

C070
86 

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
454 4-Hydroxyphenylacetaldehyde C8H8O2 

C037
65 

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
454 4-Methoxybenzaldehyde C8H8O2 

C107
61 

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
454 3-Methoxybenzaldehyde C8H8O2   

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
454 

3-(5-Methyl-2-furyl)prop-2-
enal C8H8O2   

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
454 2'-Hydroxyacetophenone C8H8O2   

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
454 4-(2-Furanyl)-3-buten-2-one C8H8O2   

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
454 2-Methoxybenzaldehyde C8H8O2   

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
454 Methyl benzoate C8H8O2   

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
454 alpha-Methyl-2-furanacrolein C8H8O2   

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
454 

3-(3-Furanyl)-2-methyl-2-
propenal C8H8O2   

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
454 Phenyl acetate C8H8O2 

C005
48 

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
454 Benzyl formate C8H8O2 

C056
13 

160.04
5 

0.000
378 

2.364
871 #N/A 

160.0
756 Indoleacetaldehyde C10H9NO 

C006
37 

160.07
57 

-1E-
04 

-
0.622

45 #N/A 
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162.0
429 p-Aminobenzoic acid C7H7NO2 

C005
68 

162.04
36 

-
0.000

73 

-
4.535

26 #N/A 

162.0
429 3-Pyridylacetic acid C7H7NO2   

162.04
36 

-
0.000

73 

-
4.535

26 #N/A 

162.0
429 Methyl nicotinate C7H7NO2   

162.04
36 

-
0.000

73 

-
4.535

26 #N/A 

162.0
438 p-Aminobenzoic acid C7H7NO2 

C005
68 

162.04
36 

0.000
174 

1.073
065 #N/A 

162.0
438 3-Pyridylacetic acid C7H7NO2   

162.04
36 

0.000
174 

1.073
065 #N/A 

162.0
438 Methyl nicotinate C7H7NO2   

162.04
36 

0.000
174 

1.073
065 #N/A 

162.0
548 2-Indolecarboxylic acid C9H7NO2   

162.05
5 

-
0.000

12 

-
0.717

07 #N/A 

162.0
548 4,6-Dihydroxyquinoline C9H7NO2 

C056
39 

162.05
5 

-
0.000

12 

-
0.717

07 #N/A 

162.0
548 3-Formyl-6-hydroxyindole C9H7NO2   

162.05
5 

-
0.000

12 

-
0.717

07 #N/A 

162.0
61 Tyrosol C8H10O2 

C060
44 

162.06
07 

0.000
344 

2.121
927 #N/A 

162.0
61 3-Acetyl-2,5-dimethylfuran C8H10O2   

162.06
07 

0.000
344 

2.121
927 #N/A 

162.0
61 1,4-Dimethoxybenzene C8H10O2   

162.06
07 

0.000
344 

2.121
927 #N/A 

162.0
61 1,3-Dimethoxybenzene C8H10O2   

162.06
07 

0.000
344 

2.121
927 #N/A 

162.0
61 4-Ethoxyphenol C8H10O2   

162.06
07 

0.000
344 

2.121
927 #N/A 

162.0
61 1,2-Dimethoxybenzene C8H10O2   

162.06
07 

0.000
344 

2.121
927 #N/A 

162.0
61 2-Acetyl-3,5-dimethylfuran C8H10O2   

162.06
07 

0.000
344 

2.121
927 #N/A 

162.0
61 1-(2-Furyl)butan-3-one C8H10O2   

162.06
07 

0.000
344 

2.121
927 #N/A 

162.0
61 4-Methoxybenzyl alcohol C8H10O2   

162.06
07 

0.000
344 

2.121
927 #N/A 

162.0
61 1-(2-Furanyl)-1-butanone C8H10O2   

162.06
07 

0.000
344 

2.121
927 #N/A 

162.0
61 2-Phenoxyethanol C8H10O2   

162.06
07 

0.000
344 

2.121
927 #N/A 

162.0
913 Tryptophanol C10H11NO 

C009
55 

162.09
13 

-4E-
05 

-
0.249

69 #N/A 
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162.0
913 (R)-Boschniakine C10H11NO 

C099
15 

162.09
13 

-4E-
05 

-
0.249

69 #N/A 

162.0
913 

1-(2,3-Dihydro-1H-pyrrolizin-5-
yl)-2-propen-1-one C10H11NO   

162.09
13 

-4E-
05 

-
0.249

69 #N/A 

162.0
913 

3,4-Dihydro-4-[(5-methyl-2-
furanyl)methylene]-2H-pyrrole C10H11NO   

162.09
13 

-4E-
05 

-
0.249

69 #N/A 

163.0
154 

(2-Furanylmethyl) methyl 
disulfide C6H8OS2   

163.01
56 

-
0.000

29 

-
1.764

98 #N/A 

163.0
154 4-Methylcatechol C7H8O2 

C067
30 

163.01
56 

-
0.000

23 

-
1.431

07 #N/A 

163.0
154 Guaiacol C7H8O2 

C015
02 

163.01
56 

-
0.000

23 

-
1.431

07 #N/A 

163.0
154 4-Hydroxybenzyl alcohol C7H8O2 

C174
67 

163.01
56 

-
0.000

23 

-
1.431

07 #N/A 

163.0
154 Mequinol C7H8O2   

163.01
56 

-
0.000

23 

-
1.431

07 #N/A 

163.0
154 1-(2-Furanyl)-2-propanone C7H8O2   

163.01
56 

-
0.000

23 

-
1.431

07 #N/A 

163.0
154 2-Acetyl-3-methylfuran C7H8O2   

163.01
56 

-
0.000

23 

-
1.431

07 #N/A 

163.0
154 2-Acetyl-5-methylfuran C7H8O2   

163.01
56 

-
0.000

23 

-
1.431

07 #N/A 

163.0
154 1-(2-Furanyl)-1-propanone C7H8O2   

163.01
56 

-
0.000

23 

-
1.431

07 #N/A 

163.0
277 4-Hydroxybenzoic acid C7H6O3 

C001
56 

163.02
76 

0.000
121 

0.744
057 #N/A 

163.0
277 Gentisate aldehyde C7H6O3 

C055
85 

163.02
76 

0.000
121 

0.744
057 #N/A 

163.0
277 2-Methoxy-1,4-benzoquinone C7H6O3   

163.02
76 

0.000
121 

0.744
057 #N/A 

163.0
277 alpha-Furyl methyl diketone C7H6O3   

163.02
76 

0.000
121 

0.744
057 #N/A 

163.0
277 Sesamol C7H6O3 

C108
32 

163.02
76 

0.000
121 

0.744
057 #N/A 

163.0
277 Methylimidazole acetaldehyde C6H8N2O 

C058
27 

163.02
68 

0.000
922 

5.656
415 #N/A 

163.0
277 2-Methoxy-3-methylpyrazine C6H8N2O   

163.02
68 

0.000
922 

5.656
415 #N/A 
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163.0
277 2-Methoxy-5-methylpyrazine C6H8N2O   

163.02
68 

0.000
922 

5.656
415 #N/A 

163.0
277 2-Methoxy-6-methylpyrazine C6H8N2O   

163.02
68 

0.000
922 

5.656
415 #N/A 

163.0
277 Erythritol C4H10O4 

C005
03 

163.02
78 

-3.3E-
05 

-
0.205

17 #N/A 

163.0
277 D-Threitol C4H10O4 

C168
84 

163.02
78 

-3.3E-
05 

-
0.205

17 #N/A 

163.0
531 Methomyl 

C5H10N2O
2S 

C111
96 

163.05
36 

-
0.000

45 

-
2.766

58 #N/A 

163.0
542 Methomyl 

C5H10N2O
2S 

C111
96 

163.05
36 

0.000
604 

3.705
81 

0.29235
4 

163.0
542 Trimethylpyrazine C7H10N2   

163.05
43 

-8.7E-
05 

-
0.536

61 #N/A 

163.0
542 2-Ethyl-3-methylpyrazine, 9CI C7H10N2   

163.05
43 

-8.7E-
05 

-
0.536

61 #N/A 

163.0
542 

2-Ethyl-5-methylpyrazine, 9CI, 
8CI C7H10N2   

163.05
43 

-8.7E-
05 

-
0.536

61 #N/A 

163.0
542 2-Ethyl-6-methylpyrazine C7H10N2   

163.05
43 

-8.7E-
05 

-
0.536

61 #N/A 

163.0
542 Isopropylpyrazine C7H10N2   

163.05
43 

-8.7E-
05 

-
0.536

61 #N/A 

163.0
542 Propylpyrazine C7H10N2   

163.05
43 

-8.7E-
05 

-
0.536

61 #N/A 

163.0
542 2,4-Toluenediamine C7H10N2 

C144
01 

163.05
43 

-8.7E-
05 

-
0.536

61 #N/A 

163.0
553 3,4-Dihydroxybenzylamine C7H9NO2   

163.05
59 

-
0.000

59 

-
3.588

2 #N/A 

163.0
553 5-Acetyl-2,4-dimethyloxazole C7H9NO2   

163.05
59 

-
0.000

59 

-
3.588

2 #N/A 

163.0
865 Norcotinine C9H10N2O   

163.08
66 

-
0.000

13 

-
0.819

29 #N/A 

164.0
23 2-Methoxybenzenethiol C7H8OS   

164.02
22 

0.000
823 

5.016
478 #N/A 

164.0
23 Kahweofuran C7H8OS   

164.02
22 

0.000
823 

5.016
478 #N/A 
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164.0
23 2-Acetyl-3-methylthiophene C7H8OS   

164.02
22 

0.000
823 

5.016
478 #N/A 

164.0
23 4-Nitrophenol C6H5NO3 

C008
70 

164.02
29 

0.000
111 

0.673
765 #N/A 

164.0
23 6-Hydroxynicotinic acid C6H5NO3 

C010
20 

164.02
29 

0.000
111 

0.673
765 #N/A 

164.0
23 3-Hydroxypicolinic acid C6H5NO3 

C186
20 

164.02
29 

0.000
111 

0.673
765 #N/A 

164.0
23 5-Methylcytosine C5H7N3O 

C023
76 

164.02
21 

0.000
911 

5.556
316 #N/A 

164.0
23 2-O-Methylcytosine C5H7N3O   

164.02
21 

0.000
911 

5.556
316 #N/A 

164.0
23 3-Methylcytosine  C5H7N3O   

164.02
21 

0.000
911 

5.556
316 #N/A 

164.0
574 Pterin C6H5N5O 

C007
15 

164.05
67 

0.000
758 

4.620
972 #N/A 

164.0
574 Methomyl 

C5H10N2O
2S 

C111
96 

164.05
69 

0.000
515 

3.137
975 

0.29235
4 

164.1
071 

2,3,6,7-Tetrahydro-7-
methylcyclopent[b]azepin-
8(1H)-one C10H13NO   

164.10
7 

0.000
107 

0.651
328 #N/A 

164.1
071 

2,3,4,5-Tetrahydro-6-(5-
methyl-2-furanyl)pyridine C10H13NO   

164.10
7 

0.000
107 

0.651
328 #N/A 

164.1
071 

2,3-Dihydro-5-propanoyl-1H-
pyrrolizine C10H13NO   

164.10
7 

0.000
107 

0.651
328 #N/A 

164.1
071 

5-Acetyl-2,3-dihydro-7-methyl-
1H-pyrrolizine C10H13NO   

164.10
7 

0.000
107 

0.651
328 #N/A 

164.1
071 

5-Acetyl-2,3-dihydro-6-methyl-
1H-pyrrolizine C10H13NO   

164.10
7 

0.000
107 

0.651
328 #N/A 

164.1
071 

1-(2,3-Dihydro-5-methyl-1H-
pyrrolizin-7-yl)ethanone C10H13NO   

164.10
7 

0.000
107 

0.651
328 #N/A 

164.1
071 

2,3-Dihydro-5,6-dimethyl-1H-
pyrrolizine-7-carboxaldehyde C10H13NO   

164.10
7 

0.000
107 

0.651
328 #N/A 

164.1
071 Na,Na-Dimethylhistamine C7H13N3   

164.10
69 

0.000
222 

1.351
703 #N/A 

164.9
206 Methylarsonite CH5AsO2 

C072
95 

164.92
04 

0.000
14 

0.847
634 #N/A 

165.0
071 Thymine C5H6N2O2 

C001
78 

165.00
61 

0.000
977 

5.921
429 #N/A 

165.0
071 Imidazoleacetic acid C5H6N2O2 

C028
35 

165.00
61 

0.000
977 

5.921
429 #N/A 

165.0
071 1H-Imidazole-1-acetic acid C5H6N2O2   

165.00
61 

0.000
977 

5.921
429 #N/A 

165.0
23 

3-Methylsulfinylpropyl 
isothiocyanate C5H9NOS2   

165.02
32 

-
0.000

18 

-
1.094

42 
16.8389

7 

165.0
23 

N-Nitrosothiazolidine-4-
carboxylic acid 

C4H6N2O3
S   

165.02
39 

-
0.000

89 

-
5.410

77 #N/A 
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165.0
23 4-Methylcatechol C7H8O2 

C067
30 

165.02
23 

0.000
708 

4.292
464 #N/A 

165.0
23 Guaiacol C7H8O2 

C015
02 

165.02
23 

0.000
708 

4.292
464 #N/A 

165.0
23 4-Hydroxybenzyl alcohol C7H8O2 

C174
67 

165.02
23 

0.000
708 

4.292
464 #N/A 

165.0
23 Mequinol C7H8O2   

165.02
23 

0.000
708 

4.292
464 #N/A 

165.0
23 1-(2-Furanyl)-2-propanone C7H8O2   

165.02
23 

0.000
708 

4.292
464 #N/A 

165.0
23 2-Acetyl-3-methylfuran C7H8O2   

165.02
23 

0.000
708 

4.292
464 #N/A 

165.0
23 2-Acetyl-5-methylfuran C7H8O2   

165.02
23 

0.000
708 

4.292
464 #N/A 

165.0
23 1-(2-Furanyl)-1-propanone C7H8O2   

165.02
23 

0.000
708 

4.292
464 #N/A 

165.0
244 

N-Nitrosothiazolidine-4-
carboxylic acid 

C4H6N2O3
S   

165.02
39 

0.000
519 

3.146
635 #N/A 

165.0
31 4-Hydroxy-2-oxoglutaric acid C5H6O6 

C011
27 

165.03
04 

0.000
607 

3.678
16 #N/A 

165.0
31 Zwiebelane B C6H10OS2   

165.03
13 

-
0.000

26 

-
1.583

88 #N/A 

165.0
31 3-Ethyl-1,2-cyclopentanedione C7H10O2   

165.03
12 

-
0.000

21 

-
1.254

04 #N/A 

165.0
31 

Enol-3-Ethyl-1,2-
cyclopentanedione C7H10O2   

165.03
12 

-
0.000

21 

-
1.254

04 #N/A 

165.0
31 

4-Hydroxy-4-methyl-5-
hexenoic acid gamma lactone C7H10O2   

165.03
12 

-
0.000

21 

-
1.254

04 #N/A 

165.0
31 

xi-4-Hydroxy-4-methyl-2-
cyclohexen-1-one C7H10O2   

165.03
12 

-
0.000

21 

-
1.254

04 #N/A 

165.0
31 

3-Methyl-1,2-
cyclohexanedione C7H10O2   

165.03
12 

-
0.000

21 

-
1.254

04 #N/A 

165.0
31 3-(3-Ethyloxiranyl)-2-propenal C7H10O2   

165.03
12 

-
0.000

21 

-
1.254

04 #N/A 

165.0
31 

3,5-Dimethyl-1,2-
cyclopentanedione C7H10O2   

165.03
12 

-
0.000

21 

-
1.254

04 #N/A 

165.0
31 2-(Ethoxymethyl)furan C7H10O2   

165.03
12 

-
0.000

21 

-
1.254

04 #N/A 

165.0
31 xi-5-Isopropyl-2(5H)-furanone C7H10O2   

165.03
12 

-
0.000

21 

-
1.254

04 #N/A 
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165.0
356 

2-Aminomuconic acid 
semialdehyde C6H7NO3 

C038
24 

165.03
52 

0.000
42 

2.546
419 #N/A 

165.0
699 S-(2-Aminoethyl)-L-cysteine 

C5H12N2O
2S   

165.06
92 

0.000
664 

4.024
178 

0.07284
7 

165.0
709 L-Hypoglycin A C7H11NO2 

C082
87 

165.07
16 

-
0.000

61 

-
3.712

56 #N/A 

166.0
264 

3-Methylsulfinylpropyl 
isothiocyanate C5H9NOS2   

166.02
65 

-
0.000

18 

-
1.072

87 
16.8389

7 

166.0
264 

D-1-Piperideine-2-carboxylic 
acid C6H9NO2 

C040
92 

166.02
65 

-
0.000

12 

-
0.745

01 #N/A 

166.0
264 

(S)-2,3,4,5-
Tetrahydropiperidine-2-
carboxylate C6H9NO2   

166.02
65 

-
0.000

12 

-
0.745

01 #N/A 

166.0
264 

(Â±)-4-Methylene-2-
pyrrolidinecarboxylic acid C6H9NO2   

166.02
65 

-
0.000

12 

-
0.745

01 #N/A 

166.0
308 5-Hydroxymethyluracil C5H6N2O3 

C030
88 

166.03
04 

0.000
43 

2.587
339 #N/A 

166.0
651 1-Methylhistamine C6H11N3 

C051
27 

166.06
52 

-8E-
05 

-
0.483

91 
300.996

1 

166.0
651 3-Methylhistamine C6H11N3   

166.06
52 

-8E-
05 

-
0.483

91 
300.996

1 

166.0
732 7-Methylguanine C6H7N5O 

C022
42 

166.07
23 

0.000
893 

5.378
093 #N/A 

166.0
732 3-Methylguanine C6H7N5O 

C022
30 

166.07
23 

0.000
893 

5.378
093 #N/A 

166.0
732 1-Methylguanine C6H7N5O 

C041
52 

166.07
23 

0.000
893 

5.378
093 #N/A 

166.0
732 N2-Methylguanine C6H7N5O 

C041
53 

166.07
23 

0.000
893 

5.378
093 #N/A 

166.0
732 S-(2-Aminoethyl)-L-cysteine 

C5H12N2O
2S   

166.07
26 

0.000
65 

3.913
095 

0.07284
7 

166.1
227 Hordenine C10H15NO 

C061
99 

166.12
26 

8.05E
-05 

0.484
699 #N/A 

166.1
227 

6-Ethyl-1,2,3,4,5,6-hexahydro-
7H-cyclopenta[b]pyridin-7-one C10H15NO   

166.12
26 

8.05E
-05 

0.484
699 #N/A 

166.1
227 

3-Methyl-2-(1-pyrrolidinyl)-2-
cyclopenten-1-one C10H15NO   

166.12
26 

8.05E
-05 

0.484
699 #N/A 

166.1
227 

5-Methyl-2-(1-pyrrolidinyl)-2-
cyclopenten-1-one C10H15NO   

166.12
26 

8.05E
-05 

0.484
699 #N/A 

166.1
227 

2,3,4,5,6,7-Hexahydro-7-
methylcyclopent[b]azepin-
8(1H)-one C10H15NO   

166.12
26 

8.05E
-05 

0.484
699 #N/A 

166.1
227 

2-(5-Methyl-2-
furanyl)piperidine C10H15NO   

166.12
26 

8.05E
-05 

0.484
699 #N/A 
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166.1
227 

1-[(5-Methyl-2-
furanyl)methyl]pyrrolidine C10H15NO   

166.12
26 

8.05E
-05 

0.484
699 #N/A 

167.0
227 Sumiki's acid C6H6O4   

167.02
25 

0.000
209 

1.248
486 #N/A 

167.0
227 Kojic acid C6H6O4 

C145
16 

167.02
25 

0.000
209 

1.248
486 #N/A 

167.0
227 5-Hydroxymaltol C6H6O4   

167.02
25 

0.000
209 

1.248
486 #N/A 

167.0
386 8-Oxoguanine C5H3N5O2 

C201
55 

167.03
93 

-
0.000

66 

-
3.950

37 #N/A 

167.0
386 3-Ethyl-1,2-cyclopentanedione C7H10O2   

167.03
79 

0.000
698 

4.179
262 #N/A 

167.0
386 

Enol-3-Ethyl-1,2-
cyclopentanedione C7H10O2   

167.03
79 

0.000
698 

4.179
262 #N/A 

167.0
386 

4-Hydroxy-4-methyl-5-
hexenoic acid gamma lactone C7H10O2   

167.03
79 

0.000
698 

4.179
262 #N/A 

167.0
386 

xi-4-Hydroxy-4-methyl-2-
cyclohexen-1-one C7H10O2   

167.03
79 

0.000
698 

4.179
262 #N/A 

167.0
386 

3-Methyl-1,2-
cyclohexanedione C7H10O2   

167.03
79 

0.000
698 

4.179
262 #N/A 

167.0
386 3-(3-Ethyloxiranyl)-2-propenal C7H10O2   

167.03
79 

0.000
698 

4.179
262 #N/A 

167.0
386 

3,5-Dimethyl-1,2-
cyclopentanedione C7H10O2   

167.03
79 

0.000
698 

4.179
262 #N/A 

167.0
386 2-(Ethoxymethyl)furan C7H10O2   

167.03
79 

0.000
698 

4.179
262 #N/A 

167.0
386 xi-5-Isopropyl-2(5H)-furanone C7H10O2   

167.03
79 

0.000
698 

4.179
262 #N/A 

167.0
545 Arabinonic acid C5H10O6 

C008
78 

167.05
5 

-
0.000

56 

-
3.366

14 
9.24483

7 

167.0
545 Ribonic acid C5H10O6 

C016
85 

167.05
5 

-
0.000

56 

-
3.366

14 
9.24483

7 

167.0
545 N,N'-dinitrosopiperazine C4H8N4O2   

167.05
39 

0.000
508 

3.042
135 

11.5562
9 

167.0
555 Arabinonic acid C5H10O6 

C008
78 

167.05
5 

0.000
454 

2.718
054 #N/A 

167.0
555 Ribonic acid C5H10O6 

C016
85 

167.05
5 

0.000
454 

2.718
054 #N/A 

167.0
555 3-Methylxanthine C6H6N4O2 

C163
57 

167.05
64 

-
0.000

88 

-
5.287

67 #N/A 

167.0
555 7-Methylxanthine C6H6N4O2 

C163
53 

167.05
64 

-
0.000

88 

-
5.287

67 #N/A 

167.0
555 1-Methylxanthine C6H6N4O2   

167.05
64 

-
0.000

88 

-
5.287

67 #N/A 
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167.0
684 

4-Hydroxycyclohexylcarboxylic 
acid C7H12O3   

167.06
79 

0.000
56 

3.350
42 #N/A 

167.0
684 Tetrahydrofurfuryl acetate C7H12O3   

167.06
79 

0.000
56 

3.350
42 #N/A 

167.0
684 Botryodiplodin C7H12O3   

167.06
79 

0.000
56 

3.350
42 #N/A 

167.0
684 Ethyl levulinate C7H12O3   

167.06
79 

0.000
56 

3.350
42 #N/A 

168.0
576 Arabinonic acid C5H10O6 

C008
78 

168.05
84 

-
0.000

73 
-

4.351 
9.24483

7 

168.0
576 Ribonic acid C5H10O6 

C016
85 

168.05
84 

-
0.000

73 
-

4.351 
9.24483

7 

168.0
576 N,N'-dinitrosopiperazine C4H8N4O2   

168.05
73 

0.000
339 

2.019
017 

11.5562
9 

168.0
762 (S)-Spinacine C7H9N3O2   

168.07
68 

-
0.000

53 

-
3.148

2 #N/A 

169.0
347 Uric acid C5H4N4O3 

C003
66 

169.03
56 

-
0.000

89 

-
5.283

46 
0.48126

8 

169.0
648 

Noradrenochrome o-
semiquinone C8H8NO3   

169.06
44 

0.000
367 

2.169
087 #N/A 

169.0
648 

4-Methyl-4-(methylthio)-2-
pentanone C7H14OS   

169.06
58 

-
0.000

98 

-
5.815

74 
0.35537

6 

169.0
648 3-(Methylthio)hexanal C7H14OS   

169.06
58 

-
0.000

98 

-
5.815

74 
0.35537

6 

169.0
648 5-Methylquinoxaline C9H8N2   

169.06
47 

9.46E
-05 

0.559
41 #N/A 

169.0
648 2-Aminoquinoline C9H8N2   

169.06
47 

9.46E
-05 

0.559
41 #N/A 

169.0
759 Beta-Carboline C11H8N2 

C201
57 

169.07
6 

-
0.000

12 

-
0.721

2 #N/A 

170.0
125 Cysteic acid C3H7NO5S 

C005
06 

170.01
18 

0.000
733 

4.310
209 

262.497
9 

170.0
125 

2-Ethyldihydro-3(2H)-
thiophenone C6H10OS   

170.01
17 

0.000
753 

4.431
137 #N/A 

170.0
125 Pyroglutamic acid C5H7NO3 

C018
79 

170.01
25 

4.1E-
05 

0.241
421 #N/A 

170.0
125 Pyrrolidonecarboxylic acid C5H7NO3 

C022
37 

170.01
25 

4.1E-
05 

0.241
421 #N/A 

170.0
125 

Pyrroline hydroxycarboxylic 
acid C5H7NO3 

C042
81 

170.01
25 

4.1E-
05 

0.241
421 #N/A 

170.0
125 N-Acryloylglycine C5H7NO3   

170.01
25 

4.1E-
05 

0.241
421 #N/A 
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170.0
125 

1-Pyrroline-4-hydroxy-2-
carboxylate C5H7NO3 

C042
82 

170.01
25 

4.1E-
05 

0.241
421 #N/A 

170.0
299 Chromone C9H6O2   

170.02
94 

0.000
511 

3.002
764 #N/A 

170.0
299 2-Benzofurancarboxaldehyde C9H6O2   

170.02
94 

0.000
511 

3.002
764 #N/A 

170.0
299 2-Ketohexanoic acid C6H10O3 

C009
02 

170.02
95 

0.000
356 

2.092
626 

109.131
3 

170.0
299 Mevalonolactone C6H10O3   

170.02
95 

0.000
356 

2.092
626 

109.131
3 

170.0
299 3-Oxohexanoic acid C6H10O3 

C021
22 

170.02
95 

0.000
356 

2.092
626 

109.131
3 

170.0
299 

5-Ethoxy-4,5-dihydro-
2(3H)furanone C6H10O3   

170.02
95 

0.000
356 

2.092
626 

109.131
3 

170.0
299 Ethyl acetoacetate C6H10O3   

170.02
95 

0.000
356 

2.092
626 

109.131
3 

170.0
299 Ethyl 3-oxobutanoate C6H10O3 

C035
00 

170.02
95 

0.000
356 

2.092
626 

109.131
3 

170.0
299 Sherry lactone C6H10O3   

170.02
95 

0.000
356 

2.092
626 

109.131
3 

170.0
299 

(4S,6S)-3,4,5,6-Tetrahydro-4-
hydroxy-6-methyl-2H-pyran-2-
one C6H10O3   

170.02
95 

0.000
356 

2.092
626 

109.131
3 

170.0
299 Acetoin acetate C6H10O3   

170.02
95 

0.000
356 

2.092
626 

109.131
3 

170.0
299 Methyl levulinate C6H10O3   

170.02
95 

0.000
356 

2.092
626 

109.131
3 

170.0
38 Uric acid C5H4N4O3 

C003
66 

170.03
9 

-
0.000

92 

-
5.426

48 
0.48126

8 

171.0
153 Cysteic acid C3H7NO5S 

C005
06 

171.01
51 

0.000
153 

0.896
361 

344.330
5 

171.0
153 

2-Ethyldihydro-3(2H)-
thiophenone C6H10OS   

171.01
51 

0.000
174 

1.016
58 #N/A 

171.0
17 Oxoglutaric acid C5H6O5 

C000
26 

171.01
75 

-
0.000

47 

-
2.765

45 #N/A 

171.0
17 3-Oxoglutaric acid C5H6O5   

171.01
75 

-
0.000

47 

-
2.765

45 #N/A 

171.0
17 Ureidopropionic acid C4H8N2O3 

C026
42 

171.01
67 

0.000
328 

1.917
386 

68.1530
4 

171.0
17 L-Asparagine C4H8N2O3 

C001
52 

171.01
67 

0.000
328 

1.917
386 

68.1530
4 

171.0
17 Glycyl-glycine C4H8N2O3 

C020
37 

171.01
67 

0.000
328 

1.917
386 

68.1530
4 

171.0
17 N-Carbamoylsarcosine C4H8N2O3 

C010
43 

171.01
67 

0.000
328 

1.917
386 

68.1530
4 

171.0
17 D-Asparagine C4H8N2O3 

C019
05 

171.01
67 

0.000
328 

1.917
386 

68.1530
4 
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171.0
316 

1-Methylpyrrolo[1,2-
a]pyrazine C8H8N2   

171.03
19 

-
0.000

34 
-

1.983 #N/A 

171.0
316 

4-Methylpyrrolo[1,2-
a]pyrazine C8H8N2   

171.03
19 

-
0.000

34 
-

1.983 #N/A 

171.0
794 1H-Indole-3-methanamine C9H10N2   

171.08
03 

-
0.000

88 

-
5.148

29 #N/A 

171.0
794 Myosmine C9H10N2 

C101
60 

171.08
03 

-
0.000

88 

-
5.148

29 #N/A 

171.0
794 

1,4-Dimethylpyrrolo[1,2-
a]pyrazine C9H10N2   

171.08
03 

-
0.000

88 

-
5.148

29 #N/A 

171.0
794 

3,4-Dimethylpyrrolo[1,2-
a]pyrazine C9H10N2   

171.08
03 

-
0.000

88 

-
5.148

29 #N/A 

171.0
794 

1,3-Dimethylpyrrolo[1,2-
a]pyrazine C9H10N2   

171.08
03 

-
0.000

88 

-
5.148

29 #N/A 

171.0
804 R-3-(Methylthio)-1-hexanol C7H16OS   

171.08
14 

-
0.000

96 

-
5.592

09 #N/A 

171.0
804 1H-Indole-3-methanamine C9H10N2   

171.08
03 

0.000
121 

0.707
951 #N/A 

171.0
804 Myosmine C9H10N2 

C101
60 

171.08
03 

0.000
121 

0.707
951 #N/A 

171.0
804 

1,4-Dimethylpyrrolo[1,2-
a]pyrazine C9H10N2   

171.08
03 

0.000
121 

0.707
951 #N/A 

171.0
804 

3,4-Dimethylpyrrolo[1,2-
a]pyrazine C9H10N2   

171.08
03 

0.000
121 

0.707
951 #N/A 

171.0
804 

1,3-Dimethylpyrrolo[1,2-
a]pyrazine C9H10N2   

171.08
03 

0.000
121 

0.707
951 #N/A 

171.0
804 N-Acetylputrescine C6H14N2O 

C027
14 

171.08
05 

-3.4E-
05 

-
0.196

6 
175.037

4 

171.0
916 

2,6-Dimethoxy-4-
methylphenol C9H12O3   

171.09
26 

-
0.001 

-
5.821

8 #N/A 

171.0
916 4-Ipomeanol C9H12O3   

171.09
26 

-
0.001 

-
5.821

8 #N/A 

171.0
916 1-Ipomeanol C9H12O3   

171.09
26 

-
0.001 

-
5.821

8 #N/A 

171.0
916 Epoxyoxophorone C9H12O3   

171.09
26 

-
0.001 

-
5.821

8 #N/A 
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171.0
916 

(4-Hydroxy-3-
methoxyphenyl)ethanol C9H12O3   

171.09
26 

-
0.001 

-
5.821

8 #N/A 

171.0
916 Agmatine C5H14N4 

C001
79 

171.09
17 

-8E-
05 

-
0.469

25 #N/A 

172.0
281 Diethylthiophosphate 

C4H11O3P
S 

C066
07 

172.02
73 

0.000
778 

4.522
216 #N/A 

172.0
281 

2-Amino-3-
phosphonopropionic acid C3H8NO5P 

C056
72 

172.02
8 

6.56E
-05 

0.381
587 #N/A 

172.0
281 Indole-5,6-quinone C8H5NO2 

C055
79 

172.02
8 

0.000
104 

0.605
237 #N/A 

172.0
281 Agrocybin C8H5NO2   

172.02
8 

0.000
104 

0.605
237 #N/A 

172.0
281 

3-Methylpyrrolo[1,2-
a]pyrazine C7H7N3   

172.02
72 

0.000
905 

5.260
584 #N/A 

172.0
281 

4-Mercapto-4-methyl-2-
pentanone C6H12OS   

172.02
74 

0.000
662 

3.846
297 

10.7309
8 

172.0
281 

2,5-Dimethyl-3-
mercaptotetrahydrofuran C6H12OS   

172.02
74 

0.000
662 

3.846
297 

10.7309
8 

172.0
281 4-(Methylthio)-2-pentanone C6H12OS   

172.02
74 

0.000
662 

3.846
297 

10.7309
8 

172.0
281 3-Mercapto-2-methylpentanal C6H12OS   

172.02
74 

0.000
662 

3.846
297 

10.7309
8 

172.0
281 4-Hydroxyproline C5H9NO3 

C011
57 

172.02
81 

-5.1E-
05 

-
0.294

33 
393.541

9 

172.0
281 N-Acetyl-L-alanine C5H9NO3   

172.02
81 

-5.1E-
05 

-
0.294

33 
393.541

9 

172.0
281 Propionylglycine C5H9NO3   

172.02
81 

-5.1E-
05 

-
0.294

33 
393.541

9 

172.0
281 5-Aminolevulinic acid C5H9NO3 

C004
30 

172.02
81 

-5.1E-
05 

-
0.294

33 
393.541

9 

172.0
281 

L-Glutamic gamma-
semialdehyde C5H9NO3 

C011
65 

172.02
81 

-5.1E-
05 

-
0.294

33 
393.541

9 

172.0
281 3-Hydroxy-L-proline C5H9NO3 

C043
97 

172.02
81 

-5.1E-
05 

-
0.294

33 
393.541

9 

172.0
281 4-Hydroxy-L-proline C5H9NO3 

C010
15 

172.02
81 

-5.1E-
05 

-
0.294

33 
393.541

9 

172.0
281 

4-Hydroxy-2-
pyrrolidinecarboxylic acid C5H9NO3   

172.02
81 

-5.1E-
05 

-
0.294

33 
393.541

9 
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172.0
755 N-Carbamoylputrescine C5H13N3O 

C004
36 

172.07
57 

-
0.000

18 

-
1.062

4 #N/A 

172.1
12 Norspermidine C6H17N3 

C033
75 

172.11
21 

-
0.000

16 

-
0.924

25 #N/A 

172.9
963 Dihydroxyfumaric acid C4H4O6 

C009
75 

172.99
67 

-
0.000

38 

-
2.225

4 #N/A 

172.9
963 (S)-Ureidoglycolic acid C3H6N2O4 

C006
03 

172.99
59 

0.000
416 

2.403
867 0.07349 

173.0
233 Dihydropteridine C6H6N4 

C056
49 

173.02
24 

0.000
855 

4.939
95 #N/A 

173.0
233 Ureidopropionic acid C4H8N2O3 

C026
42 

173.02
34 

-
0.000

1 

-
0.583

01 
68.1530

4 

173.0
233 L-Asparagine C4H8N2O3 

C001
52 

173.02
34 

-
0.000

1 

-
0.583

01 
68.1530

4 

173.0
233 Glycyl-glycine C4H8N2O3 

C020
37 

173.02
34 

-
0.000

1 

-
0.583

01 
68.1530

4 

173.0
233 N-Carbamoylsarcosine C4H8N2O3 

C010
43 

173.02
34 

-
0.000

1 

-
0.583

01 
68.1530

4 

173.0
233 D-Asparagine C4H8N2O3 

C019
05 

173.02
34 

-
0.000

1 

-
0.583

01 
68.1530

4 

173.0
408 5,6-Dihydroxyindole C8H7NO2 

C055
78 

173.04
03 

0.000
516 

2.980
449 #N/A 

173.0
408 

L-2-Amino-5-
hydroxypentanoic acid C5H11NO3   

173.04
04 

0.000
361 

2.086
146 #N/A 

173.0
408 N-Lactoyl ethanolamine C5H11NO3   

173.04
04 

0.000
361 

2.086
146 #N/A 

173.0
408 

1,4-Dideoxy-1,4-imino-D-
ribitol C5H11NO3   

173.04
04 

0.000
361 

2.086
146 #N/A 

173.0
485 

(E)-3-(2-Hydroxyphenyl)-2-
propenal C9H8O2   

173.04
84 

0.000
155 

0.898
385 #N/A 

173.0
485 Di-2-furanylmethane C9H8O2   

173.04
84 

0.000
155 

0.898
385 #N/A 

173.0
485 1-Phenyl-1,2-propanedione C9H8O2 

C172
68 

173.04
84 

0.000
155 

0.898
385 #N/A 

173.0
485 

3,4-Dihydro-2H-1-benzopyran-
2-one C9H8O2 

C022
74 

173.04
84 

0.000
155 

0.898
385 #N/A 

173.0
485 

(E)-3-(4-Hydroxyphenyl)-2-
propenal C9H8O2 

C056
08 

173.04
84 

0.000
155 

0.898
385 #N/A 

173.0
485 5,6,7,8-Tetrahydroquinoxaline C8H10N2   

173.04
76 

0.000
956 

5.526
283 #N/A 

173.0
485 3,5-Dimethyl-2-vinylpyrazine C8H10N2   

173.04
76 

0.000
956 

5.526
283 #N/A 
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173.0
485 

6,7-Dihydro-2-methyl-5H-
cyclopenta[b]pyrazine C8H10N2   

173.04
76 

0.000
956 

5.526
283 #N/A 

173.0
485 

6,7-Dihydro-5-methyl-5H-
cyclopenta[b]pyrazine C8H10N2   

173.04
76 

0.000
956 

5.526
283 #N/A 

173.0
485 

2-Methyl-6-(1-
propenyl)pyrazine C8H10N2   

173.04
76 

0.000
956 

5.526
283 #N/A 

173.0
485 

2-Methyl-3-(1-
propenyl)pyrazine C8H10N2   

173.04
76 

0.000
956 

5.526
283 #N/A 

173.0
485 

2-Methyl-6-(2-
propenyl)pyrazine C8H10N2   

173.04
76 

0.000
956 

5.526
283 #N/A 

173.0
485 

2-Methyl-5-(2-
propenyl)pyrazine C8H10N2   

173.04
76 

0.000
956 

5.526
283 #N/A 

173.0
485 

2-Methyl-3-(2-
propenyl)pyrazine C8H10N2   

173.04
76 

0.000
956 

5.526
283 #N/A 

173.0
485 

2-Methyl-5-(1-
propenyl)pyrazine C8H10N2   

173.04
76 

0.000
956 

5.526
283 #N/A 

173.0
485 (5R)-5-Hydroxyhexanoic acid C6H12O3   

173.04
85 

7.14E
-07 

0.004
127 #N/A 

173.0
485 5-Hydroxyhexanoic acid C6H12O3   

173.04
85 

7.14E
-07 

0.004
127 #N/A 

173.0
485 2-Hydroxycaproic acid C6H12O3   

173.04
85 

7.14E
-07 

0.004
127 #N/A 

173.0
485 (R)-3-Hydroxyhexanoic acid C6H12O3   

173.04
85 

7.14E
-07 

0.004
127 #N/A 

173.0
485 6-Hydroxyhexanoic acid C6H12O3 

C061
03 

173.04
85 

7.14E
-07 

0.004
127 #N/A 

173.0
485 

(+/-)-1-Acetoxy-1-
ethoxyethane C6H12O3   

173.04
85 

7.14E
-07 

0.004
127 #N/A 

173.0
485 Paraldehyde C6H12O3 

C078
34 

173.04
85 

7.14E
-07 

0.004
127 #N/A 

173.0
485 Ethyl (Â±)-3-hydroxybutyrate C6H12O3   

173.04
85 

7.14E
-07 

0.004
127 #N/A 

173.0
485 Butoxyacetic acid C6H12O3   

173.04
85 

7.14E
-07 

0.004
127 #N/A 

173.9
96 2-Benzoxazolol C7H5NO2   

173.99
52 

0.000
812 

4.668
549 #N/A 

174.0
611 4-Coumaryl alcohol C9H10O2 

C026
46 

174.06
07 

0.000
411 

2.362
923 #N/A 

174.0
611 Benzyl acetate C9H10O2 

C155
13 

174.06
07 

0.000
411 

2.362
923 #N/A 

174.0
611 2'-Methoxyacetophenone C9H10O2   

174.06
07 

0.000
411 

2.362
923 #N/A 

174.0
611 4'-Methoxyacetophenone C9H10O2   

174.06
07 

0.000
411 

2.362
923 #N/A 

174.0
611 Methyl phenylacetate C9H10O2   

174.06
07 

0.000
411 

2.362
923 #N/A 

174.0
611 4-Ethoxybenzaldehyde C9H10O2   

174.06
07 

0.000
411 

2.362
923 #N/A 

174.0
611 

2-Ethyl-4-(2-furanyl)-2-
propenal C9H10O2   

174.06
07 

0.000
411 

2.362
923 #N/A 
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174.0
611 2-Phenylethyl formate C9H10O2   

174.06
07 

0.000
411 

2.362
923 #N/A 

174.0
611 

2-(2-Furanyl)-3-methyl-2-
butenal C9H10O2   

174.06
07 

0.000
411 

2.362
923 #N/A 

174.0
611 

Polypropylene glycol (m w 
1,200-3,000) C6H14O3   

174.06
08 

0.000
257 

1.473
864 #N/A 

174.9
851 1,4-Dithiane-2,5-diol C4H8O2S2   

174.98
58 

-
0.000

68 

-
3.861

73 
0.01338

5 

174.9
851 Dihydroasparagusic acid C4H8O2S2 

C043
71 

174.98
58 

-
0.000

68 

-
3.861

73 
0.01338

5 

174.9
867 1,4-Dithiane-2,5-diol C4H8O2S2   

174.98
58 

0.000
889 

5.080
063 

22.7900
9 

174.9
867 Dihydroasparagusic acid C4H8O2S2 

C043
71 

174.98
58 

0.000
889 

5.080
063 

22.7900
9 

174.9
939 Thiodiacetic acid C4H6O4S 

C148
72 

174.99
46 

-
0.000

73 

-
4.191

31 #N/A 

175.9
721 3-Methyl-1,2,4-trithiane C4H8S3   

175.97
14 

0.000
719 

4.084
134 #N/A 

176.0
23 

(+)-threo-2-Amino-3,4-
dihydroxybutanoic acid C4H9NO4   

176.02
3 

2.48E
-06 

0.014
094 #N/A 

176.0
608 Quinaldic acid C10H7NO2 

C063
25 

176.06
17 

-
0.000

83 

-
4.693

31 #N/A 

176.0
608 Ribitol C5H12O5 

C004
74 

176.06
1 

-
0.000

21 

-
1.184

22 
262.515

5 

176.0
608 D-Arabitol C5H12O5 

C019
04 

176.06
1 

-
0.000

21 

-
1.184

22 
262.515

5 

176.0
608 L-Arabitol C5H12O5 

C005
32 

176.06
1 

-
0.000

21 

-
1.184

22 
262.515

5 

176.0
608 

L-2-(Hydroxymethyl)-1,2,3,4-
butanetetrol C5H12O5   

176.06
1 

-
0.000

21 

-
1.184

22 
262.515

5 

176.0
621 Quinaldic acid C10H7NO2 

C063
25 

176.06
17 

0.000
403 

2.289
601 #N/A 

176.0
818 4,4'-Thiobis-2-butanone C8H14O2S   

176.08
21 

-
0.000

32 

-
1.789

77 
129.115

6 

176.9
738 B-Sulfinyl pyruvate C3H4O5S 

C055
27 

176.97
39 

-3.6E-
05 

-
0.201

05 #N/A 

176.9
738 3-Methyl-1,2,4-trithiane C4H8S3   

176.97
47 

-
0.000

9 

-
5.107

95 #N/A 
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177.0
435 p-Hydroxyphenylacetic acid C8H8O3 

C006
42 

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 

Ortho-Hydroxyphenylacetic 
acid C8H8O3 

C058
52 

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 Mandelic acid C8H8O3 

C019
84 

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 p-Anisic acid C8H8O3 

C025
19 

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 

3,4-
Dihydroxyphenylacetaldehyde C8H8O3 

C040
43 

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 

4-Hydroxy-3-methylbenzoic 
acid C8H8O3   

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 Vanillin C8H8O3 

C007
55 

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 2,4'-Dihydroxyacetophenone C8H8O3 

C136
35 

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 2',3'-Dihydroxyacetophenone C8H8O3   

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 2',4'-Dihydroxyacetophenone C8H8O3 

C036
63 

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 3',4'-Dihydroxyacetophenone C8H8O3 

C106
75 

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 3',5'-Dihydroxyacetophenone C8H8O3   

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 Phenoxyacetic acid C8H8O3 

C021
81 

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 Methylparaben C8H8O3   

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 

2-(Hydroxymethyl)benzoic 
acid C8H8O3 

C108
04 

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 2-Methoxybenzoic acid C8H8O3   

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 3-Methoxybenzoic acid C8H8O3   

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 2',5'-Dihydroxyacetophenone C8H8O3   

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 Ethyl 2-furanyl diketone C8H8O3   

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 

1-(5-Methyl-2-furanyl)-1,2-
propanedione C8H8O3   

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 2-Propenyl 2-furancarboxylate C8H8O3   

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 1-(2-Furanyl)-1,3-butanedione C8H8O3   

177.04
33 

0.000
204 

1.149
585 #N/A 

177.0
435 2-Methylerythritol  C5H12O4   

177.04
34 

4.88E
-05 

0.275
505 

145.627
1 

177.0
435 3-Deoxy-D-arabinitol C5H12O4   

177.04
34 

4.88E
-05 

0.275
505 

145.627
1 

177.0
435 2-Deoxy-D-ribitol C5H12O4   

177.04
34 

4.88E
-05 

0.275
505 

145.627
1 
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177.0
435 1-Deoxy-D-ribitol C5H12O4   

177.04
34 

4.88E
-05 

0.275
505 

145.627
1 

177.0
699 Guanidinosuccinic acid C5H9N3O4 

C031
39 

177.06
99 

-4.6E-
05 

-
0.258

74 #N/A 

177.0
699 5-Ethyl-2,3-dimethylpyrazine C8H12N2   

177.06
99 

-2.5E-
05 

-
0.142

63 
202.822

2 

177.0
699 

2-Ethyl-3,(5 or 6)-
dimethylpyrazine C8H12N2   

177.06
99 

-2.5E-
05 

-
0.142

63 
202.822

2 

177.0
699 Tetramethylpyrazine C8H12N2   

177.06
99 

-2.5E-
05 

-
0.142

63 
202.822

2 

177.0
699 2,5-Diethylpyrazine C8H12N2   

177.06
99 

-2.5E-
05 

-
0.142

63 
202.822

2 

177.0
699 2,6-Diethylpyrazine C8H12N2   

177.06
99 

-2.5E-
05 

-
0.142

63 
202.822

2 

177.0
699 2-Isopropyl-5-methylpyrazine C8H12N2   

177.06
99 

-2.5E-
05 

-
0.142

63 
202.822

2 

177.0
699 2-Methyl-5-propylpyrazine C8H12N2   

177.06
99 

-2.5E-
05 

-
0.142

63 
202.822

2 

177.0
699 2-Ethyl-3,5-dimethylpyrazine C8H12N2   

177.06
99 

-2.5E-
05 

-
0.142

63 
202.822

2 

177.0
699 2-Methyl-3-propylpyrazine C8H12N2   

177.06
99 

-2.5E-
05 

-
0.142

63 
202.822

2 

177.0
699 2,3-Diethylpyrazine C8H12N2   

177.06
99 

-2.5E-
05 

-
0.142

63 
202.822

2 

177.0
713 Dopamine C8H11NO2 

C037
58 

177.07
16 

-
0.000

26 

-
1.470

13 
136.739

5 

177.0
713 p-Octopamine C8H11NO2 

C042
27 

177.07
16 

-
0.000

26 

-
1.470

13 
136.739

5 

177.0
713 Vanillylamine C8H11NO2 

C166
66 

177.07
16 

-
0.000

26 

-
1.470

13 
136.739

5 

178.0
386 3-Hydroxyanthranilic acid C7H7NO3 

C006
32 

178.03
85 

4.81E
-05 

0.270
254 #N/A 

178.0
386 Histidinal C6H9N3O   

178.03
77 

0.000
849 

4.768
435 

3.20689
2 

178.0
434 Ascorbic acid C6H8O6 

C000
72 

178.04
27 

0.000
695 

3.901
721 #N/A 
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178.0
434 D-Glucurono-6,3-lactone C6H8O6 

C026
70 

178.04
27 

0.000
695 

3.901
721 #N/A 

178.0
434 1,2,3-Propanetricarboxylic acid C6H8O6 

C198
06 

178.04
27 

0.000
695 

3.901
721 #N/A 

178.0
65 Allantoic acid C4H8N4O4 

C004
99 

178.06
52 

-
0.000

16 

-
0.902

74 #N/A 

178.0
765 5-Hydroxyindoleacetaldehyde C10H9NO2 

C056
34 

178.07
73 

-
0.000

82 

-
4.579

8 #N/A 

178.0
765 

Hydroxymethyl indol-3-yl 
ketone C10H9NO2   

178.07
73 

-
0.000

82 

-
4.579

8 #N/A 

178.0
765 

1-Methoxy-1H-indole-3-
carboxaldehyde C10H9NO2   

178.07
73 

-
0.000

82 

-
4.579

8 #N/A 

178.0
777 5-Hydroxyindoleacetaldehyde C10H9NO2 

C056
34 

178.07
73 

0.000
391 

2.198
428 #N/A 

178.0
777 

Hydroxymethyl indol-3-yl 
ketone C10H9NO2   

178.07
73 

0.000
391 

2.198
428 #N/A 

178.0
777 

1-Methoxy-1H-indole-3-
carboxaldehyde C10H9NO2   

178.07
73 

0.000
391 

2.198
428 #N/A 

178.1
227 (S)-Valerianine C11H15NO 

C099
91 

178.12
26 

6.72E
-05 

0.377
147 #N/A 

178.1
227 

7-Ethyl-2,3,6,7-
tetrahydrocyclopent[b]azepin-
8(1H)-one C11H15NO   

178.12
26 

6.72E
-05 

0.377
147 #N/A 

178.1
227 

1-(2,3-Dihydro-5-ethyl-1H-
pyrrolizin-7-yl)ethanone C11H15NO   

178.12
26 

6.72E
-05 

0.377
147 #N/A 

178.1
227 

1-(2,3-Dihydro-5,6-dimethyl-
1H-pyrrolizin-7-yl)ethanone C11H15NO   

178.12
26 

6.72E
-05 

0.377
147 #N/A 

178.9
504 Acetylphosphate C2H5O5P 

C002
27 

178.95
06 

-
0.000

24 

-
1.337

35 #N/A 

178.9
504 Phosphonoacetate C2H5O5P 

C056
82 

178.95
06 

-
0.000

24 

-
1.337

35 #N/A 

179.0
387 Sulforaphane 

C6H11NOS
2   

179.03
88 

-
0.000

15 

-
0.863

54 16.1875 

179.0
387 Tyrosol C8H10O2 

C060
44 

179.03
79 

0.000
734 

4.101
648 

152.478
7 

179.0
387 3-Acetyl-2,5-dimethylfuran C8H10O2   

179.03
79 

0.000
734 

4.101
648 

152.478
7 

179.0
387 1,4-Dimethoxybenzene C8H10O2   

179.03
79 

0.000
734 

4.101
648 

152.478
7 

179.0
387 1,3-Dimethoxybenzene C8H10O2   

179.03
79 

0.000
734 

4.101
648 

152.478
7 

179.0
387 4-Ethoxyphenol C8H10O2   

179.03
79 

0.000
734 

4.101
648 

152.478
7 
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179.0
387 1,2-Dimethoxybenzene C8H10O2   

179.03
79 

0.000
734 

4.101
648 

152.478
7 

179.0
387 2-Acetyl-3,5-dimethylfuran C8H10O2   

179.03
79 

0.000
734 

4.101
648 

152.478
7 

179.0
387 1-(2-Furyl)butan-3-one C8H10O2   

179.03
79 

0.000
734 

4.101
648 

152.478
7 

179.0
387 4-Methoxybenzyl alcohol C8H10O2   

179.03
79 

0.000
734 

4.101
648 

152.478
7 

179.0
387 1-(2-Furanyl)-1-butanone C8H10O2   

179.03
79 

0.000
734 

4.101
648 

152.478
7 

179.0
387 2-Phenoxyethanol C8H10O2   

179.03
79 

0.000
734 

4.101
648 

152.478
7 

180.0
357 Ascladiol C7H8O4   

180.03
48 

0.000
826 

4.585
939 #N/A 

180.0
357 5-Acetyl-2,4-dimethylthiazole C7H9NOS   

180.03
64 

-
0.000

76 

-
4.193

99 #N/A 

180.0
42 Sulforaphane 

C6H11NOS
2   

180.04
22 

-
0.000

23 

-
1.260

28 16.1875 

180.0
42 L-Hypoglycin A C7H11NO2 

C082
87 

180.04
21 

-
0.000

17 

-
0.957

95 #N/A 

180.0
432 Sulforaphane 

C6H11NOS
2   

180.04
22 

0.000
966 

5.362
979 #N/A 

180.0
807 Na,Na-Dimethylhistamine C7H13N3   

180.08
08 

-8.8E-
05 

-
0.490

49 
227.493

5 

180.9
572 Acetylphosphate C2H5O5P 

C002
27 

180.95
73 

-
0.000

13 

-
0.692

91 #N/A 

180.9
572 Phosphonoacetate C2H5O5P 

C056
82 

180.95
73 

-
0.000

13 

-
0.692

91 #N/A 

181.0
078 2-[(Ethylthio)methyl]furan C7H10OS   

181.00
84 

-
0.000

56 

-
3.100

98 #N/A 

181.0
332 Allantoin C4H6N4O3 

C015
51 

181.03
32 

2.87E
-05 

0.158
669 #N/A 

181.0
344 

2,5-Dimethyl-1,4-dithiane-2,5-
diol 

C6H12O2S
2   

181.03
51 

-
0.000

74 

-
4.087

52 #N/A 

181.0
344 

Ethyl 2-
(methyldithio)propionate 

C6H12O2S
2   

181.03
51 

-
0.000

74 

-
4.087

52 #N/A 

181.0
759 Metenamine C6H12N4   

181.07
61 

-
0.000

16 

-
0.896

16 #N/A 

181.0
77 4-Methoxycinnamic acid C10H10O3   

181.07
7 

3.12E
-05 

0.172
163 #N/A 
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181.0
77 

3-(4-
Methylphenyl)oxiranecarboxyl
ic acid C10H10O3   

181.07
7 

3.12E
-05 

0.172
163 #N/A 

181.0
77 

(Z)-10-Hydroxy-8-decene-4,6-
diynoic acid C10H10O3   

181.07
7 

3.12E
-05 

0.172
163 #N/A 

181.0
77 Di-alpha-furfuryl ether C10H10O3   

181.07
7 

3.12E
-05 

0.172
163 #N/A 

181.0
77 (S)-Isosclerone C10H10O3   

181.07
7 

3.12E
-05 

0.172
163 #N/A 

181.0
77 

(E)-10-Hydroxy-2-decene-4,6-
diynoic acid C10H10O3   

181.07
7 

3.12E
-05 

0.172
163 #N/A 

181.0
77 

3-(4-Hydroxy-2-
methoxyphenyl)-2-propenal C10H10O3   

181.07
7 

3.12E
-05 

0.172
163 #N/A 

181.0
77 Metenamine C6H12N4   

181.07
61 

0.000
947 

5.229
608 #N/A 

181.0
884 

4-Oxo-4-(3-pyridyl)-
butanamide 

C9H10N2O
2   

181.08
82 

0.000
236 

1.302
28 #N/A 

181.0
884 BOX B 

C9H10N2O
2   

181.08
82 

0.000
236 

1.302
28 #N/A 

181.0
884 BOX A 

C9H10N2O
2   

181.08
82 

0.000
236 

1.302
28 #N/A 

182.0
838 Acetylisoniazid C8H9N3O2 

C075
85 

182.08
35 

0.000
349 

1.918
6 #N/A 

182.9
903 

(2-Furanylmethyl) methyl 
disulfide C6H8OS2   

182.99
09 

-
0.000

6 

-
3.294

2 #N/A 

184.0
733 8-Hydroxy-7-methylguanine C6H7N5O2   

184.07
4 

-
0.000

68 

-
3.694

67 #N/A 

184.0
733 Tryptophanol C10H11NO 

C009
55 

184.07
33 

-1.9E-
06 

-
0.010

34 
0.54432

9 

184.0
733 (R)-Boschniakine C10H11NO 

C099
15 

184.07
33 

-1.9E-
06 

-
0.010

34 
0.54432

9 

184.0
733 

1-(2,3-Dihydro-1H-pyrrolizin-5-
yl)-2-propen-1-one C10H11NO   

184.07
33 

-1.9E-
06 

-
0.010

34 
0.54432

9 

184.0
733 

3,4-Dihydro-4-[(5-methyl-2-
furanyl)methylene]-2H-pyrrole C10H11NO   

184.07
33 

-1.9E-
06 

-
0.010

34 
0.54432

9 

184.0
733 3-Dehydroxycarnitine C7H15NO2 

C055
43  

184.07
34 

-
0.000

16 

-
0.851

04 
0.16629

8 

185.0
766 Tryptophanol C10H11NO 

C009
55 

185.07
66 

-8.5E-
05 

-
0.457

17 
0.54432

9 

185.0
766 (R)-Boschniakine C10H11NO 

C099
15 

185.07
66 

-8.5E-
05 

-
0.457

17 
0.54432

9 
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185.0
766 

1-(2,3-Dihydro-1H-pyrrolizin-5-
yl)-2-propen-1-one C10H11NO   

185.07
66 

-8.5E-
05 

-
0.457

17 
0.54432

9 

185.0
766 

3,4-Dihydro-4-[(5-methyl-2-
furanyl)methylene]-2H-pyrrole C10H11NO   

185.07
66 

-8.5E-
05 

-
0.457

17 
0.54432

9 

185.0
766 3-Dehydroxycarnitine C7H15NO2 

C055
43  

185.07
68 

-
0.000

24 

-
1.293

31 
0.16629

8 

185.1
044 Trimethyl-2-propenylpyrazine C10H14N2   

185.10
49 

-
0.000

55 

-
2.964

82 #N/A 

186.0
613 

4,5-Dihydro-1-benzoxepin-
3(2H)-one C10H10O2   

186.06
07 

0.000
685 

3.682
227 #N/A 

186.0
613 

3-(4-Methoxyphenyl)-2-
propenal C10H10O2 

C104
75 

186.06
07 

0.000
685 

3.682
227 #N/A 

186.0
613 Cassiastearoptene C10H10O2   

186.06
07 

0.000
685 

3.682
227 #N/A 

186.0
613 3-Hydroxyisoheptanoic acid C7H14O3   

186.06
08 

0.000
53 

2.850
506 

63.2443
5 

186.0
613 

Methyl (Â±)-3-
hydroxyhexanoate C7H14O3   

186.06
08 

0.000
53 

2.850
506 

63.2443
5 

186.0
613 Butyl lactate C7H14O3   

186.06
08 

0.000
53 

2.850
506 

63.2443
5 

186.1
276 Spermidine C7H19N3 

C003
15 

186.12
78 

-
0.000

12 

-
0.635

43 #N/A 

187.0
278 3 Hydroxycoumarin C9H6O3   

187.02
76 

0.000
188 

1.003
708 #N/A 

187.0
278 Umbelliferone C9H6O3 

C093
15 

187.02
76 

0.000
188 

1.003
708 #N/A 

187.0
278 Adipic acid C6H10O4 

C061
04 

187.02
78 

3.3E-
05 

0.176
29 

289.298
9 

187.0
278 2,2-Dimethylsuccinic acid C6H10O4   

187.02
78 

3.3E-
05 

0.176
29 

289.298
9 

187.0
278 Dimethyl succinate C6H10O4   

187.02
78 

3.3E-
05 

0.176
29 

289.298
9 

187.0
542 1H-Indole-3-methanamine C9H10N2   

187.05
43 

-5.8E-
05 

-
0.310

34 #N/A 

187.0
542 Myosmine C9H10N2 

C101
60 

187.05
43 

-5.8E-
05 

-
0.310

34 #N/A 

187.0
542 

1,4-Dimethylpyrrolo[1,2-
a]pyrazine C9H10N2   

187.05
43 

-5.8E-
05 

-
0.310

34 #N/A 

187.0
542 

3,4-Dimethylpyrrolo[1,2-
a]pyrazine C9H10N2   

187.05
43 

-5.8E-
05 

-
0.310

34 #N/A 
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187.0
542 

1,3-Dimethylpyrrolo[1,2-
a]pyrazine C9H10N2   

187.05
43 

-5.8E-
05 

-
0.310

34 #N/A 

188.0
23 Phosphoserine C3H8NO6P 

C010
05 

188.02
29 

0.000
137 

0.729
183 #N/A 

188.0
23 DL-O-Phosphoserine C3H8NO6P 

C010
05 

188.02
29 

0.000
137 

0.729
183 #N/A 

188.0
23 3-(Methylthio)propyl acetate C6H12O2S   

188.02
23 

0.000
733 

3.899
153 #N/A 

188.0
23 Propyl 2-mercaptopropionate C6H12O2S   

188.02
23 

0.000
733 

3.899
153 #N/A 

188.0
23 

3-Mercapto-3-methylbutyl 
formate C6H12O2S   

188.02
23 

0.000
733 

3.899
153 #N/A 

188.0
23 

2,4,6-Trimethyl-1,3,5-
dioxathiane C6H12O2S   

188.02
23 

0.000
733 

3.899
153 #N/A 

188.0
23 L-Glutamic acid C5H9NO4 

C000
25 

188.02
3 

2.08E
-05 

0.110
768 #N/A 

188.0
23 N-Acetylserine C5H9NO4   

188.02
3 

2.08E
-05 

0.110
768 #N/A 

188.0
23 O-Acetylserine C5H9NO4 

C009
79 

188.02
3 

2.08E
-05 

0.110
768 #N/A 

188.0
23 D-Glutamic acid C5H9NO4 

C002
17 

188.02
3 

2.08E
-05 

0.110
768 #N/A 

188.0
23 

L-4-Hydroxyglutamate 
semialdehyde C5H9NO4 

C059
38 

188.02
3 

2.08E
-05 

0.110
768 #N/A 

188.0
23 

3-
(Carboxymethylamino)propan
oic acid C5H9NO4   

188.02
3 

2.08E
-05 

0.110
768 #N/A 

188.0
595 4-(3-Pyridyl)-3-butenoic acid C9H9NO2   

188.05
93 

0.000
241 

1.280
105 #N/A 

188.0
595 3-Methyldioxyindole C9H9NO2 

C058
34 

188.05
93 

0.000
241 

1.280
105 #N/A 

188.0
595 R-3-(Methylthio)-1-hexanol C7H16OS   

188.05
87 

0.000
798 

4.244
879 #N/A 

188.0
595 

(2R,3R,4R)-2-Amino-4-
hydroxy-3-methylpentanoic 
acid C6H13NO3   

188.05
94 

8.6E-
05 

0.457
226 #N/A 

188.0
595 Fagomine C6H13NO3 

C101
44 

188.05
94 

8.6E-
05 

0.457
226 #N/A 

189.0
699 S-Methylmethionine 

C6H14NO2
S   

189.07
05 

-
0.000

57 

-
3.006

8 #N/A 

189.0
699 

3-Ethyl-5-methyl-2-
vinylpyrazine C9H12N2   

189.06
99 

-3.3E-
05 

-
0.171

92 #N/A 

189.0
699 

6,7-Dihydro-2,3-dimethyl-5H-
cyclopentapyrazine C9H12N2   

189.06
99 

-3.3E-
05 

-
0.171

92 #N/A 
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189.0
699 

6,7-Dihydro-2,5-dimethyl-5H-
cyclopentapyrazine C9H12N2   

189.06
99 

-3.3E-
05 

-
0.171

92 #N/A 

189.0
699 

6,7-Dihydro-2,6-dimethyl-5H-
cyclopentapyrazine C9H12N2   

189.06
99 

-3.3E-
05 

-
0.171

92 #N/A 

189.0
699 

2,5-Dimethyl-3-(2-
propenyl)pyrazine C9H12N2   

189.06
99 

-3.3E-
05 

-
0.171

92 #N/A 

189.0
699 

3,5-Dimethyl-2-(2-
propenyl)pyrazine C9H12N2   

189.06
99 

-3.3E-
05 

-
0.171

92 #N/A 

189.0
699 

2,3-Dimethyl-5-(2-
propenyl)pyrazine C9H12N2   

189.06
99 

-3.3E-
05 

-
0.171

92 #N/A 

189.0
699 

2,5-Dimethyl-3-(1-
propenyl)pyrazine C9H12N2   

189.06
99 

-3.3E-
05 

-
0.171

92 #N/A 

189.0
699 

3,5-Dimethyl-2-(1-
propenyl)pyrazine C9H12N2   

189.06
99 

-3.3E-
05 

-
0.171

92 #N/A 

189.0
699 

2,3-Dimethyl-5-(1-
propenyl)pyrazine C9H12N2   

189.06
99 

-3.3E-
05 

-
0.171

92 #N/A 

190.0
386 4-Pyridoxolactone C8H7NO3 

C009
71 

190.03
85 

3.32E
-05 

0.174
884 #N/A 

190.0
386 Formylanthranilic acid C8H7NO3 

C056
53 

190.03
85 

3.32E
-05 

0.174
884 #N/A 

190.0
386 5-Pyridoxolactone C8H7NO3 

C060
52 

190.03
85 

3.32E
-05 

0.174
884 #N/A 

190.0
386 Noradrenochrome C8H7NO3   

190.03
85 

3.32E
-05 

0.174
884 #N/A 

190.0
386 

6-Methoxy-2(3H)-
benzoxazolone C8H7NO3   

190.03
85 

3.32E
-05 

0.174
884 #N/A 

190.0
386 

(R)-2-Hydroxy-2H-1,4-
benzoxazin-3(4H)-one C8H7NO3 

C157
69 

190.03
85 

3.32E
-05 

0.174
884 #N/A 

190.0
434 Tricyclazole C9H7N3S 

C184
92 

190.04
33 

9.48E
-05 

0.498
766 #N/A 

190.0
434 cis-2-Methylaconitate C7H8O6 

C042
25 

190.04
27 

0.000
72 

3.788
045 #N/A 

190.0
434 

Noradrenochrome o-
semiquinone C8H8NO3   

190.04
3 

0.000
448 

2.356
053 #N/A 

190.0
777 1-Deoxy-D-glucitol C6H14O5   

190.07
67 

0.000
968 

5.091
849 #N/A 

190.9
628 3-Sulfopyruvic acid C3H4O6S 

C055
28 

190.96
21 

0.000
748 

3.918
036 

0.30072
9 

191.0
387 4-Coumaryl alcohol C9H10O2 

C026
46 

191.03
79 

0.000
705 

3.692
139 

126.492
1 

191.0
387 Benzyl acetate C9H10O2 

C155
13 

191.03
79 

0.000
705 

3.692
139 

126.492
1 
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191.0
387 2'-Methoxyacetophenone C9H10O2   

191.03
79 

0.000
705 

3.692
139 

126.492
1 

191.0
387 4'-Methoxyacetophenone C9H10O2   

191.03
79 

0.000
705 

3.692
139 

126.492
1 

191.0
387 Methyl phenylacetate C9H10O2   

191.03
79 

0.000
705 

3.692
139 

126.492
1 

191.0
387 4-Ethoxybenzaldehyde C9H10O2   

191.03
79 

0.000
705 

3.692
139 

126.492
1 

191.0
387 

2-Ethyl-4-(2-furanyl)-2-
propenal C9H10O2   

191.03
79 

0.000
705 

3.692
139 

126.492
1 

191.0
387 2-Phenylethyl formate C9H10O2   

191.03
79 

0.000
705 

3.692
139 

126.492
1 

191.0
387 

2-(2-Furanyl)-3-methyl-2-
butenal C9H10O2   

191.03
79 

0.000
705 

3.692
139 

126.492
1 

192.0
542 Pyridoxal C8H9NO3 

C002
50 

192.05
42 

1.62E
-06 

0.008
421 #N/A 

192.0
542 Isopyridoxal C8H9NO3 

C060
51 

192.05
42 

1.62E
-06 

0.008
421 #N/A 

192.0
542 

3alpha,4,5,7alpha-Tetrahydro-
5-hydroxy-1H-isoindole-
1,3(2H)-dione C8H9NO3   

192.05
42 

1.62E
-06 

0.008
421 #N/A 

192.0
542 

3alpha,4,7,7alpha-Tetrahydro-
4-hydroxy-1H-isoindole-
1,3(2H)-dione C8H9NO3   

192.05
42 

1.62E
-06 

0.008
421 #N/A 

192.0
542 N-Acetylhistamine  C7H11N3O 

C051
35 

192.05
34 

0.000
802 

4.178
333 #N/A 

192.1
172 N-(o)-Hydroxyarginine 

C6H14N4O
3 

C059
33 

192.11
72 

4.65E
-06 

0.024
196 

291.999
7 

192.1
172 L-erythro-4-Hydroxyarginine 

C6H14N4O
3 

C082
84 

192.11
72 

4.65E
-06 

0.024
196 

291.999
7 

192.1
253 Homocitrulline 

C7H15N3O
3 

C024
27 

192.12
53 

-4.9E-
05 

-
0.256

43 #N/A 

192.9
67 1,4-Dithiane-2,5-diol C4H8O2S2   

192.96
64 

0.000
548 

2.837
318 #N/A 

192.9
67 Dihydroasparagusic acid C4H8O2S2 

C043
71 

192.96
64 

0.000
548 

2.837
318 #N/A 

193.0
544 gamma-Carboxyglutamic acid C6H9NO6   

193.05
36 

0.000
775 

4.015
318 #N/A 

193.0
544 

3-(4-Hydroxyphenyl)-1-
propanol C9H12O2   

193.05
36 

0.000
796 

4.121
813 

119.285
6 

193.0
544 3-(5-Methyl-2-furanyl)butanal C9H12O2   

193.05
36 

0.000
796 

4.121
813 

119.285
6 

193.0
544 4-(Ethoxymethyl)phenol C9H12O2   

193.05
36 

0.000
796 

4.121
813 

119.285
6 

193.0
544 2-(Ethoxymethyl)phenol C9H12O2   

193.05
36 

0.000
796 

4.121
813 

119.285
6 

194.9
556 S-Propyl thiosulfate C3H8O3S2   

194.95
46 

0.000
957 

4.906
992 #N/A 
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196.9
753 2,5-Furandicarboxylic acid C6H4O5   

196.97
57 

-
0.000

39 

-
1.987

34 #N/A 

198.0
011 (R)-(E)-Sulforaphene C6H9NOS2   

198.00
18 

-
0.000

64 

-
3.241

83 
57.5491

6 

198.0
876 N-Acetylhistidine 

C8H11N3O
3 

C029
97 

198.08
73 

0.000
244 

1.234
18 

362.179
5 

198.0
888 DL-2-Aminooctanoic acid C8H17NO2   

198.08
91 

-
0.000

24 
-

1.202 #N/A 

199.0
277 

1-Oxo-1H-2-benzopyran-3-
carboxaldehyde C10H6O3   

199.02
76 

8.17E
-05 

0.410
307 #N/A 

199.0
277 Juglone C10H6O3 

C038
40 

199.02
76 

8.17E
-05 

0.410
307 #N/A 

199.0
277 Succinylacetone C7H10O4   

199.02
78 

-7.3E-
05 

-
0.367

22 #N/A 

199.0
277 

xi-2,3-Dihydro-3,5-dihydroxy-
6-methyl-4H-pyran-4-one C7H10O4   

199.02
78 

-7.3E-
05 

-
0.367

22 #N/A 

199.0
933 DL-2-Aminooctanoic acid C8H17NO2   

199.09
24 

0.000
899 

4.513
67 #N/A 

200.0
079 (R)-(E)-Sulforaphene C6H9NOS2   

200.00
85 

-
0.000

55 

-
2.753

66 
57.5491

6 

200.0
23 4-Acetylimidazo[4,5-c]pyridine C8H7N3O   

200.02
21 

0.000
977 

4.882
667 #N/A 

200.0
23 

L-2-Amino-4-
methylenepentanedioic acid C6H9NO4 

C006
51 

200.02
3 

2.1E-
05 

0.105
216 #N/A 

200.0
23 

L-trans-alpha-Amino-2-
carboxycyclopropaneacetic 
acid C6H9NO4   

200.02
3 

2.1E-
05 

0.105
216 #N/A 

201.0
008 S,S'-Ethylidene dithioacetate 

C6H10O2S
2   

201.00
14 

-
0.000

67 

-
3.333

62 #N/A 

201.0
008 

S-2-Propenyl 2-propene-1-
sulfonothioate 

C6H10O2S
2   

201.00
14 

-
0.000

67 

-
3.333

62 #N/A 

201.0
653 

2,3-Dimethyl-3-
hydroxyglutaric acid C7H12O5   

201.06
44 

0.000
942 

4.686
478 

9.05184
6 

201.0
653 3-Isopropylmalate C7H12O5 

C044
11 

201.06
44 

0.000
942 

4.686
478 

9.05184
6 

201.0
653 (Â±)-Glycerol 1,2-diacetate C7H12O5   

201.06
44 

0.000
942 

4.686
478 

9.05184
6 

202.0
016 

1,2-Dihydroxy-3-keto-5-
methylthiopentene C6H10O3S 

C156
06 

202.00
16 

7.38E
-06 

0.036
549 #N/A 

202.0
016 

1-(Methylsulfanyl)-1-
oxopropan-2-yl acetate C6H10O3S   

202.00
16 

7.38E
-06 

0.036
549 #N/A 
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202.0
016 4-Hydroxy-L-glutamic acid C5H7NO5 

C030
79 

202.00
23 

-
0.000

7 

-
3.489

65 #N/A 

202.0
016 A-Ketoglutaric acid oxime C5H7NO5   

202.00
23 

-
0.000

7 

-
3.489

65 #N/A 

202.0
385 O-Phosphohomoserine 

C4H10NO6
P 

C011
02 

202.03
86 

-7E-
05 

-
0.346

91 #N/A 

202.0
385 O-Phosphothreonine 

C4H10NO6
P 

C121
47 

202.03
86 

-7E-
05 

-
0.346

91 #N/A 

202.0
385 4-Acetyl-2(3H)-benzoxazolone C9H7NO3   

202.03
85 

-3.2E-
05 

-
0.156

48 #N/A 

202.0
385 

3-Mercapto-3-methyl-1-butyl 
acetate C7H14O2S   

202.03
8 

0.000
526 

2.603
152 #N/A 

202.0
385 Aminoadipic acid C6H11NO4 

C009
56 

202.03
87 

-
0.000

19 

-
0.922

42 #N/A 

202.0
385 Acetylhomoserine C6H11NO4   

202.03
87 

-
0.000

19 

-
0.922

42 #N/A 

202.0
385 

(Â±)-2,2'-Iminobispropanoic 
acid C6H11NO4 

C032
10 

202.03
87 

-
0.000

19 

-
0.922

42 #N/A 

202.0
434 4-Fumarylacetoacetic acid C8H8O6 

C010
61 

202.04
27 

0.000
73 

3.613
865 #N/A 

202.0
434 Maleylacetoacetic acid C8H8O6 

C010
36 

202.04
27 

0.000
73 

3.613
865 #N/A 

202.0
434 Polyvidone 

C6H13NOP
2   

202.04
32 

0.000
284 

1.406
82 #N/A 

202.0
777 Nicotine imine C10H13N2   

202.07
77 

-6.2E-
06 

-
0.030

59 #N/A 

202.9
983 1-Piperazinecarbodithioic acid 

C5H10N2S
2   

202.99
84 

-7.6E-
05 

-
0.376

44 #N/A 

203.0
387 

4-Chloro-3,5-
dimethoxybenzaldehyde C9H9ClO3   

203.03
8 

0.000
695 

3.423
639 

151.357
7 

203.0
387 

4,5-Dihydro-1-benzoxepin-
3(2H)-one C10H10O2   

203.03
79 

0.000
755 

3.720
614 127.612 

203.0
387 

3-(4-Methoxyphenyl)-2-
propenal C10H10O2 

C104
75 

203.03
79 

0.000
755 

3.720
614 127.612 

203.0
387 Cassiastearoptene C10H10O2   

203.03
79 

0.000
755 

3.720
614 127.612 

203.0
592 

Potassium 2-(1'-ethoxy) 
ethoxypropanoate C7H13KO4   

203.05
91 

0.000
12 

0.591
325 #N/A 

203.0
592 4-Methoxycinnamic acid C10H10O3   

203.05
89 

0.000
275 

1.352
577 #N/A 
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203.0
592 

3-(4-
Methylphenyl)oxiranecarboxyl
ic acid C10H10O3   

203.05
89 

0.000
275 

1.352
577 #N/A 

203.0
592 

(Z)-10-Hydroxy-8-decene-4,6-
diynoic acid C10H10O3   

203.05
89 

0.000
275 

1.352
577 #N/A 

203.0
592 Di-alpha-furfuryl ether C10H10O3   

203.05
89 

0.000
275 

1.352
577 #N/A 

203.0
592 (S)-Isosclerone C10H10O3   

203.05
89 

0.000
275 

1.352
577 #N/A 

203.0
592 

(E)-10-Hydroxy-2-decene-4,6-
diynoic acid C10H10O3   

203.05
89 

0.000
275 

1.352
577 #N/A 

203.0
592 

3-(4-Hydroxy-2-
methoxyphenyl)-2-propenal C10H10O3   

203.05
89 

0.000
275 

1.352
577 #N/A 

203.0
81 2-O-Methyl-L-fucose C7H14O5   

203.08
01 

0.000
905 

4.453
992 

8.87047
3 

203.0
857 Trimethyl-2-propenylpyrazine C10H14N2   

203.08
56 

8.54E
-05 

0.420
435 #N/A 

203.0
873 2(N)-Methyl-norsalsolinol 

C10H13NO
2   

203.08
72 

0.000
106 

0.520
91 136.71 

203.0
873 (R)-Salsolinol 

C10H13NO
2 

C096
42 

203.08
72 

0.000
106 

0.520
91 136.71 

203.0
873 Maltoxazine 

C10H13NO
2   

203.08
72 

0.000
106 

0.520
91 136.71 

203.0
873 

2,3-Dihydro-5-(3-
hydroxypropanoyl)-1H-
pyrrolizine 

C10H13NO
2   

203.08
72 

0.000
106 

0.520
91 136.71 

203.0
873 Salsolinol 

C10H13NO
2 

C096
42 

203.08
72 

0.000
106 

0.520
91 136.71 

204.0
546 Hippuric acid C9H9NO3 

C015
86 

204.05
42 

0.000
392 

1.920
121 #N/A 

204.0
546 3-Succinoylpyridine C9H9NO3 

C195
69 

204.05
42 

0.000
392 

1.920
121 #N/A 

204.0
546 Adrenochrome C9H9NO3   

204.05
42 

0.000
392 

1.920
121 #N/A 

204.0
546 Methyl n-formylanthranilate C9H9NO3   

204.05
42 

0.000
392 

1.920
121 #N/A 

204.0
546 

1-(4-Methoxyphenyl)-2-
nitroethylene C9H9NO3   

204.05
42 

0.000
392 

1.920
121 #N/A 

204.0
546 Bicine C6H13NO4   

204.05
43 

0.000
237 

1.161
743 #N/A 

204.0
546 

2-Amino-4-ethoxy-3-
hydroxybutanoic acid C6H13NO4   

204.05
43 

0.000
237 

1.161
743 #N/A 

204.0
546 1-Deoxynojirimycin C6H13NO4 

C168
43 

204.05
43 

0.000
237 

1.161
743 #N/A 

204.0
592 Ethyl aconitate C8H10O6   

204.05
84 

0.000
845 

4.138
645 #N/A 

204.0
592 Adrenochrome o-semiquinone C9H10NO3   

204.05
86 

0.000
572 

2.805
008 #N/A 

205.0
544 

4-Chloro-3,5-dimethoxybenzyl 
alcohol 

C9H11ClO
3   

205.05
37 

0.000
775 

3.780
72 #N/A 
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205.0
544 

3-Hydroxy-4-phenylbutan-2-
one C10H12O2   

205.05
36 

0.000
836 

4.074
776 #N/A 

205.0
544 

3-(4-Methoxyphenyl)-2-
propen-1-ol C10H12O2   

205.05
36 

0.000
836 

4.074
776 #N/A 

205.0
544 

1-(4-Methoxyphenyl)-2-
propanone C10H12O2   

205.05
36 

0.000
836 

4.074
776 #N/A 

205.0
544 2-Phenylethyl acetate C10H12O2 

C123
03 

205.05
36 

0.000
836 

4.074
776 #N/A 

205.0
544 Epoxyanethole C10H12O2   

205.05
36 

0.000
836 

4.074
776 #N/A 

206.0
583 3-Methoxytyramine C9H13NO2 

C055
87 

206.05
78 

0.000
476 

2.308
732 #N/A 

206.0
583 p-Synephrine C9H13NO2 

C045
48 

206.05
78 

0.000
476 

2.308
732 #N/A 

206.0
583 4-Methoxytyramine C9H13NO2   

206.05
78 

0.000
476 

2.308
732 #N/A 

206.0
583 

4-(beta-
Methylaminoethyl)catechol C9H13NO2 

C074
53 

206.05
78 

0.000
476 

2.308
732 #N/A 

206.0
583 Norpandamarilactonine A C9H13NO2   

206.05
78 

0.000
476 

2.308
732 #N/A 

206.0
583 2-(2-Furanyl)-3-piperidinol C9H13NO2   

206.05
78 

0.000
476 

2.308
732 #N/A 

206.0
583 Epinine C9H13NO2 

C074
53 

206.05
78 

0.000
476 

2.308
732 #N/A 

206.0
623 Cyromazine C6H10N6 

C141
47 

206.06
32 

-
0.000

95 

-
4.632

57 
7.70179

7 

206.9
846 

(Z)-Methyl 3-(methylsulfinyl)-
1-propenyl disulfide C5H10OS3   

206.98
53 

-
0.000

74 

-
3.569

64 #N/A 

207.0
054 Homogentisic acid C8H8O4 

C005
44 

207.00
54 

-2.7E-
05 

-
0.129

12 
152.646

4 

207.0
054 Vanillic acid C8H8O4 

C066
72 

207.00
54 

-2.7E-
05 

-
0.129

12 
152.646

4 

207.0
054 3-Hydroxymandelic acid C8H8O4   

207.00
54 

-2.7E-
05 

-
0.129

12 
152.646

4 

207.0
054 p-Hydroxymandelic acid C8H8O4 

C115
27 

207.00
54 

-2.7E-
05 

-
0.129

12 
152.646

4 

207.0
054 

3,4-Dihydroxybenzeneacetic 
acid C8H8O4 

C011
61 

207.00
54 

-2.7E-
05 

-
0.129

12 
152.646

4 

207.0
054 3,4-Dihydroxymandelaldehyde C8H8O4 

C055
77 

207.00
54 

-2.7E-
05 

-
0.129

12 
152.646

4 
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207.0
054 

2',4',6'-
Trihydroxyacetophenone C8H8O4   

207.00
54 

-2.7E-
05 

-
0.129

12 
152.646

4 

207.0
054 

2,6-Dimethoxy-1,4-
benzoquinone C8H8O4 

C103
31 

207.00
54 

-2.7E-
05 

-
0.129

12 
152.646

4 

207.0
054 

3-Acetyl-4-hydroxy-6-methyl-
2H-pyran-2-one C8H8O4   

207.00
54 

-2.7E-
05 

-
0.129

12 
152.646

4 

207.0
054 Thermophillin C8H8O4 

C016
92 

207.00
54 

-2.7E-
05 

-
0.129

12 
152.646

4 

207.0
326 Beta-Carboline C11H8N2 

C201
57 

207.03
19 

0.000
686 

3.314
231 #N/A 

207.0
326 D-Phenyllactic acid C9H10O3 

C056
07 

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 L-3-Phenyllactic acid C9H10O3 

C056
07 

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 Phenyllactic acid C9H10O3 

C014
79 

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 4-Methoxyphenylacetic acid C9H10O3   

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 Desaminotyrosine C9H10O3 

C017
44 

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 Homovanillin C9H10O3 

C055
81 

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 Ethyl vanillin C9H10O3   

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 3,4-Dihydroxyphenylacetone C9H10O3   

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 Guaicyl acetate C9H10O3   

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 3,4-Dimethoxybenzaldehyde C9H10O3 

C022
01 

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 Methyl 2-methoxybenzoate C9H10O3   

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 Methyl 4-methoxybenzoate C9H10O3   

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 
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207.0
326 

3-(2-Hydroxyphenyl)propanoic 
acid C9H10O3 

C011
98 

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 Ipomeanine C9H10O3   

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 4-Methoxybenzyl formate C9H10O3   

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 

3-Hydroxy-1-(4-
hydroxyphenyl)-1-propanone C9H10O3   

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
326 

4-Hydroxyphenyl-2-propionic 
acid C9H10O3 

C030
80 

207.03
29 

-
0.000

27 

-
1.301

46 #N/A 

207.0
656 Scoparone C11H10O4 

C093
11 

207.06
52 

0.000
388 

1.872
224 #N/A 

207.0
656 Citropten C11H10O4   

207.06
52 

0.000
388 

1.872
224 #N/A 

207.0
656 

3-Methoxy-4,5-
methylenedioxycinnamaldehy
de C11H10O4   

207.06
52 

0.000
388 

1.872
224 #N/A 

207.0
656 Cyromazine C6H10N6 

C141
47 

207.06
66 

-
0.000

99 

-
4.778

87 
7.70179

7 

208.9
733 Phosphohydroxypyruvic acid C3H5O7P 

C032
32 

208.97
32 

5.72E
-05 

0.273
833 #N/A 

209.0
118 

(Z)-[3-(Methylsulfinyl)-1-
propenyl] 2-propenyl disulfide C7H12OS3   

209.01
23 

-
0.000

52 

-
2.506

74 #N/A 

209.0
118 Homogentisic acid C8H8O4 

C005
44 

209.01
21 

-
0.000

35 

-
1.661

54 
152.646

4 

209.0
118 Vanillic acid C8H8O4 

C066
72 

209.01
21 

-
0.000

35 

-
1.661

54 
152.646

4 

209.0
118 3-Hydroxymandelic acid C8H8O4   

209.01
21 

-
0.000

35 

-
1.661

54 
152.646

4 

209.0
118 p-Hydroxymandelic acid C8H8O4 

C115
27 

209.01
21 

-
0.000

35 

-
1.661

54 
152.646

4 

209.0
118 

3,4-Dihydroxybenzeneacetic 
acid C8H8O4 

C011
61 

209.01
21 

-
0.000

35 

-
1.661

54 
152.646

4 

209.0
118 3,4-Dihydroxymandelaldehyde C8H8O4 

C055
77 

209.01
21 

-
0.000

35 

-
1.661

54 
152.646

4 
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209.0
118 

2',4',6'-
Trihydroxyacetophenone C8H8O4   

209.01
21 

-
0.000

35 

-
1.661

54 
152.646

4 

209.0
118 

2,6-Dimethoxy-1,4-
benzoquinone C8H8O4 

C103
31 

209.01
21 

-
0.000

35 

-
1.661

54 
152.646

4 

209.0
118 

3-Acetyl-4-hydroxy-6-methyl-
2H-pyran-2-one C8H8O4   

209.01
21 

-
0.000

35 

-
1.661

54 
152.646

4 

209.0
118 Thermophillin C8H8O4 

C016
92 

209.01
21 

-
0.000

35 

-
1.661

54 
152.646

4 

211.0
279 

1-(Methylsulfinyl)propyl 1-
propenyl disulfide C7H14OS3   

211.02
8 

-5.6E-
05 

-
0.266

87 #N/A 

211.0
279 

1-(Methylsulfinyl)propyl 2-
propenyl disulfide C7H14OS3   

211.02
8 

-5.6E-
05 

-
0.266

87 #N/A 

211.0
279 

Methyl 1-(2-
propenylsulfinyl)propyl 
disulfide C7H14OS3   

211.02
8 

-5.6E-
05 

-
0.266

87 #N/A 

211.0
279 Angelicin C11H6O3 

C090
60 

211.02
76 

0.000
275 

1.303
57 #N/A 

211.0
279 Psoralen C11H6O3 

C093
05 

211.02
76 

0.000
275 

1.303
57 #N/A 

211.0
279 3,4-Dihydroxyphenylglycol C8H10O4 

C055
76 

211.02
78 

0.000
12 

0.570
253 #N/A 

211.0
279 Furaneol acetate C8H10O4   

211.02
78 

0.000
12 

0.570
253 #N/A 

211.0
279 Herierin III C8H10O4   

211.02
78 

0.000
12 

0.570
253 #N/A 

211.0
279 Herierin IV C8H10O4   

211.02
78 

0.000
12 

0.570
253 #N/A 

211.0
649 Cysteinyl-Serine 

C6H12N2O
4S   

211.06
58 

-
0.000

82 

-
3.869

71 #N/A 

211.0
649 Serinyl-Cysteine 

C6H12N2O
4S   

211.06
58 

-
0.000

82 

-
3.869

71 #N/A 

211.0
649 1,4-Ipomeadiol C9H14O3   

211.06
42 

0.000
784 

3.716
849 #N/A 

213.0
008 Oxalosuccinic acid C6H6O7 

C053
79 

213.00
06 

0.000
213 

0.998
582 #N/A 

213.0
436 

1-(Methylsulfinyl)propyl 
propyl disulfide C7H16OS3   

213.04
36 

8.13E
-06 

0.038
139 

0.43196
3 

213.0
436 

Methyl 1-
(propylsulfinyl)propyl disulfide C7H16OS3   

213.04
36 

8.13E
-06 

0.038
139 

0.43196
3 

213.0
436 Ethyl 2,4-dioxohexanoate C8H12O4   

213.04
34 

0.000
185 

0.867
343 #N/A 
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213.0
7 

1,2,3,4-Tetrahydro-beta-
carboline C11H12N2   

213.06
99 

3.64E
-05 

0.171
064 #N/A 

213.9
759 (R)-(E)-Sulforaphene C6H9NOS2   

213.97
57 

0.000
199 

0.930
408 #N/A 

214.0
473 

N-Lactoyl ethanolamine 
phosphate 

C5H12NO6
P   

214.04
75 

-
0.000

21 

-
0.964

73 #N/A 

214.0
473 

1-(Methylsulfinyl)propyl 
propyl disulfide C7H16OS3   

214.04
7 

0.000
335 

1.565
514 

0.43196
3 

214.0
473 

Methyl 1-
(propylsulfinyl)propyl disulfide C7H16OS3   

214.04
7 

0.000
335 

1.565
514 

0.43196
3 

214.0
473 5-Hydroxyindoleacetic acid C10H9NO3 

C056
35 

214.04
75 

-
0.000

17 

-
0.784

98 #N/A 

214.0
473 

xi-2,3-Dihydro-2-oxo-1H-
indole-3-acetic acid C10H9NO3   

214.04
75 

-
0.000

17 

-
0.784

98 #N/A 

214.0
473 

N-Carboxyethyl-g-
aminobutyric acid C7H13NO4   

214.04
76 

-
0.000

32 

-
1.507

95 #N/A 

214.0
473 2-Aminoheptanedioic acid C7H13NO4   

214.04
76 

-
0.000

32 

-
1.507

95 #N/A 

214.0
473 Calystegine B5 C7H13NO4   

214.04
76 

-
0.000

32 

-
1.507

95 #N/A 

214.0
473 Calystegine B2 C7H13NO4 

C108
51 

214.04
76 

-
0.000

32 

-
1.507

95 #N/A 

214.9
859 cis-Aconitic acid C6H6O6 

C004
17 

214.98
63 

-
0.000

37 

-
1.728

1 #N/A 

214.9
859 trans-Aconitic acid C6H6O6 

C023
41 

214.98
63 

-
0.000

37 

-
1.728

1 #N/A 

214.9
859 Dehydroascorbic acid C6H6O6 

C004
25 

214.98
63 

-
0.000

37 

-
1.728

1 #N/A 

215.0
489 Demethylated antipyrine 

C10H10N2
O 

C130
08 

215.04
92 

-
0.000

24 

-
1.117

3 #N/A 

215.0
489 1H-Indole-3-acetamide 

C10H10N2
O 

C026
93 

215.04
92 

-
0.000

24 

-
1.117

3 #N/A 

215.0
856 Methyl bisnorbiotinyl ketone 

C9H14N2O
2S   

215.08
49 

0.000
743 

3.452
608 #N/A 

216.0
807 Debrisoquine C10H13N3 

C136
50 

216.08
08 

-7.4E-
05 

-
0.341

81 
95.3409

6 
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217.0
307 

O-Phospho-4-hydroxy-L-
threonine 

C4H10NO7
P 

C060
55 

217.03
01 

0.000
619 

2.849
968 #N/A 

217.0
307 

5,6-Dihydroxyindole-2-
carboxylic acid C9H7NO4 

C041
85 

217.03
01 

0.000
657 

3.027
244 #N/A 

217.0
307 L-Dopachrome C9H7NO4 

C016
93 

217.03
01 

0.000
657 

3.027
244 #N/A 

217.0
307 D-Dopachrome C9H7NO4 

C155
66 

217.03
01 

0.000
657 

3.027
244 #N/A 

217.0
748 (R)-Shinanolone C11H12O3   

217.07
46 

0.000
257 

1.184
97 #N/A 

217.0
748 Ethyl phenylglycidate C11H12O3   

217.07
46 

0.000
257 

1.184
97 #N/A 

217.0
748 Dehydrozingerone C11H12O3   

217.07
46 

0.000
257 

1.184
97 #N/A 

217.0
748 

Ethyl 3-oxo-3-
phenylpropanoate C11H12O3   

217.07
46 

0.000
257 

1.184
97 #N/A 

217.0
748 Benzyl acetoacetate C11H12O3   

217.07
46 

0.000
257 

1.184
97 #N/A 

217.0
748 1'-Hydroxychavicol acetate C11H12O3   

217.07
46 

0.000
257 

1.184
97 #N/A 

218.0
385 Dopachrome o-semiquinone C9H8NO4   

218.03
79 

0.000
625 

2.864
736 #N/A 

218.0
699 

Glycerylphosphorylethanolami
ne 

C5H14NO6
P 

C012
33 

218.06
99 

1.44E
-05 

0.066
057 #N/A 

218.0
699 Phenylacetylglycine 

C10H11NO
3 

C055
98 

218.06
98 

5.29E
-05 

0.242
486 #N/A 

218.0
699 Methylhippuric acid 

C10H11NO
3   

218.06
98 

5.29E
-05 

0.242
486 #N/A 

218.0
699 2-Methylhippuric acid 

C10H11NO
3 

C015
86 

218.06
98 

5.29E
-05 

0.242
486 #N/A 

218.0
699 m-Methylhippuric acid 

C10H11NO
3   

218.06
98 

5.29E
-05 

0.242
486 #N/A 

218.0
699 p-Methylhippuric acid 

C10H11NO
3   

218.06
98 

5.29E
-05 

0.242
486 #N/A 

218.0
699 Methyl n-acetylanthranilate 

C10H11NO
3 

C063
32 

218.06
98 

5.29E
-05 

0.242
486 #N/A 

218.0
699 Betamipron 

C10H11NO
3   

218.06
98 

5.29E
-05 

0.242
486 #N/A 

218.0
699 N-Methyl-1-deoxynojirimycin C7H15NO4   218.07 

-
0.000

1 

-
0.467

15 #N/A 

219.0
571 Bergapten C12H8O4 

C015
57 

219.05
62 

0.000
883 

4.028
877 #N/A 

219.0
701 Lycoperdic acid C8H11NO6   

219.06
93 

0.000
848 

3.871
773 

10.1545
5 

220.0
735 Lycoperdic acid C8H11NO6   

220.07
26 

0.000
865 

3.928
933 

10.1545
5 

220.0
735 beta-O-Methylynephrine 

C10H15NO
2   

220.07
34 

5.07E
-05 

0.230
315 

0.43648
8 
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220.0
735 

2,5-Dimethyl-4-(1-
pyrrolidinyl)-3(2H)-furanone 

C10H15NO
2   

220.07
34 

5.07E
-05 

0.230
315 

0.43648
8 

220.0
735 

2-(5-Methyl-2-furanyl)-3-
piperidinol 

C10H15NO
2   

220.07
34 

5.07E
-05 

0.230
315 

0.43648
8 

220.0
735 

5-(1-Pyrrolidinylmethyl)-2-
furanmethanol 

C10H15NO
2   

220.07
34 

5.07E
-05 

0.230
315 

0.43648
8 

220.0
735 

3,4-
Dimethoxyphenylethylamine 

C10H15NO
2   

220.07
34 

5.07E
-05 

0.230
315 

0.43648
8 

220.1
135 

2-Isopropyl-3,5-dimethoxy-6-
methylpyrazine 

C10H16N2
O2   

220.11
38 

-
0.000

29 

-
1.331

82 #N/A 

220.1
135 

L-alpha-Amino-1H-pyrrole-1-
hexanoic acid 

C10H16N2
O2   

220.11
38 

-
0.000

29 

-
1.331

82 #N/A 

221.0
766 L-beta-aspartyl-L-serine  

C7H12N2O
6   

221.07
68 

-
0.000

19 

-
0.848

11 #N/A 

221.0
766 Aspartyl-Serine 

C7H12N2O
6   

221.07
68 

-
0.000

19 

-
0.848

11 #N/A 

221.0
766 Serinyl-Aspartate 

C7H12N2O
6   

221.07
68 

-
0.000

19 

-
0.848

11 #N/A 

221.0
766 beta-O-Methylynephrine 

C10H15NO
2   

221.07
68 

-
0.000

17 

-
0.755

11 
0.43648

8 

221.0
766 

2,5-Dimethyl-4-(1-
pyrrolidinyl)-3(2H)-furanone 

C10H15NO
2   

221.07
68 

-
0.000

17 

-
0.755

11 
0.43648

8 

221.0
766 

2-(5-Methyl-2-furanyl)-3-
piperidinol 

C10H15NO
2   

221.07
68 

-
0.000

17 

-
0.755

11 
0.43648

8 

221.0
766 

5-(1-Pyrrolidinylmethyl)-2-
furanmethanol 

C10H15NO
2   

221.07
68 

-
0.000

17 

-
0.755

11 
0.43648

8 

221.0
766 

3,4-
Dimethoxyphenylethylamine 

C10H15NO
2   

221.07
68 

-
0.000

17 

-
0.755

11 
0.43648

8 

222.0
889 

1-Isothiocyanato-7-
(methylsulfinyl)heptane 

C9H17NOS
2   

222.08
91 

-
0.000

2 

-
0.882

34 #N/A 

223.0
275 3-Dechloroethylifosfamide 

C5H12ClN2
O2P 

C165
50 

223.02
84 

-
0.000

92 

-
4.137

66 #N/A 

223.0
275 2-Dechloroethylifosfamide 

C5H12ClN2
O2P 

C165
55 

223.02
84 

-
0.000

92 

-
4.137

66 #N/A 

223.0
275 Homovanillic acid C9H10O4 

C055
82 

223.02
78 

-
0.000

28 

-
1.254

41 #N/A 
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223.0
275 Isohomovanillic acid C9H10O4   

223.02
78 

-
0.000

28 

-
1.254

41 #N/A 

223.0
275 Hydroxyphenyllactic acid C9H10O4 

C036
72 

223.02
78 

-
0.000

28 

-
1.254

41 #N/A 

223.0
275 

3-(3-Hydroxyphenyl)-3-
hydroxypropanoic acid C9H10O4   

223.02
78 

-
0.000

28 

-
1.254

41 #N/A 

223.0
275 

3-Methoxy-4-
hydroxyphenylglycolaldehyde C9H10O4 

C055
83 

223.02
78 

-
0.000

28 

-
1.254

41 #N/A 

223.0
275 2,6-Dimethoxybenzoic acid C9H10O4   

223.02
78 

-
0.000

28 

-
1.254

41 #N/A 

223.0
275 

(Â±)-2-Hydroxy-3-(2-
hydroxyphenyl)propanoic acid C9H10O4   

223.02
78 

-
0.000

28 

-
1.254

41 #N/A 

223.0
275 Maltol propionate C9H10O4   

223.02
78 

-
0.000

28 

-
1.254

41 #N/A 

223.0
275 

2',4'-Dihydroxy-6'-
methoxyacetophenone C9H10O4   

223.02
78 

-
0.000

28 

-
1.254

41 #N/A 

224.0
62 

2-(4-Methyl-5-thiazolyl)ethyl 
propionate 

C9H13NO2
S   

224.06
26 

-
0.000

62 

-
2.785

72 #N/A 

224.1
045 N-Acetylgalactosamine C8H15NO6 

C010
74 

224.10
39 

0.000
57 

2.543
443 #N/A 

224.1
045 N-Acetyl-D-glucosamine C8H15NO6 

C001
40 

224.10
39 

0.000
57 

2.543
443 #N/A 

224.1
045 2'-Deoxysepiapterin 

C9H11N5O
2   

224.10
53 

-
0.000

77 

-
3.424

32 #N/A 

224.1
045 Beta-N-Acetylglucosamine C8H15NO6 

C038
78 

224.10
39 

0.000
57 

2.543
443 #N/A 

224.1
045 N-Acetyl-b-D-galactosamine C8H15NO6 

C050
21 

224.10
39 

0.000
57 

2.543
443 #N/A 

224.1
045 N-Acetylmannosamine C8H15NO6 

C006
45 

224.10
39 

0.000
57 

2.543
443 #N/A 

224.1
045 Avenic acid B C8H15NO6   

224.10
39 

0.000
57 

2.543
443 #N/A 

225.0
432 

1-Methoxy-1H-indole-3-
acetonitrile 

C11H10N2
O   

225.04
25 

0.000
682 

3.030
862 #N/A 

225.0
432 Vanylglycol C9H12O4 

C055
94 

225.04
34 

-
0.000

27 

-
1.215

42 #N/A 

225.0
432 Phosphorylcholine 

C5H15NO4
P 

C005
88 

225.04
37 

-
0.000

58 

-
2.595

65 #N/A 
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225.0
432 

1-(3-Hydroxy-4-
methoxyphenyl)-1,2-
ethanediol C9H12O4   

225.04
34 

-
0.000

27 

-
1.215

42 #N/A 

225.0
432 

(Â±)-threo-1-(4-
Hydroxyphenyl)-1,2,3-
propanetriol C9H12O4   

225.04
34 

-
0.000

27 

-
1.215

42 #N/A 

226.0
777 

2-Amino-1,6-dimethylfuro[3,2-
e]imidazo[4,5-b]pyridine 

C10H10N4
O   

226.07
8 

-
0.000

29 

-
1.266

15 #N/A 

227.0
222 Bergaptol C11H6O4 

C007
58 

227.02
25 

-
0.000

3 

-
1.309

69 #N/A 

227.0
222 

(-)-3-Cyanomethyl-3-hydroxy-
1H-indol-2(3H)-one 

C10H8N2O
2   

227.02
17 

0.000
504 

2.217
918 

0.62504
2 

227.0
222 Erinapyrone C C8H10O5   

227.02
27 

-
0.000

45 

-
1.991

34 #N/A 

228.0
219 Cystathionine ketimine C7H9NO4S   

228.02
12 

0.000
786 

3.448
189 #N/A 

228.0
257 

(-)-3-Cyanomethyl-3-hydroxy-
1H-indol-2(3H)-one 

C10H8N2O
2   

228.02
51 

0.000
626 

2.745
654 

0.62504
2 

228.0
27 L-Glutamic acid 5-phosphate 

C5H10NO7
P 

C032
87 

228.02
68 

0.000
244 

1.069
565 #N/A 

228.0
27 Xanthurenic acid C10H7NO4 

C024
70 

228.02
67 

0.000
282 

1.238
291 #N/A 

228.0
27 Zeanic acid C10H7NO4   

228.02
67 

0.000
282 

1.238
291 #N/A 

228.0
27 

4,6-Dihydroxy-2-
quinolinecarboxylic acid C10H7NO4   

228.02
67 

0.000
282 

1.238
291 #N/A 

228.0
27 Glutarylglycine C7H11NO5   

228.02
69 

0.000
128 

0.559
642 #N/A 

228.0
27 N-Acetylglutamic acid C7H11NO5 

C006
24 

228.02
69 

0.000
128 

0.559
642 #N/A 

228.0
27 

Pyrrolidino-[1,2E]-4H-2,4-
dimethyl-1,3,5-dithiazine C8H15NS2   

228.02
77 

-
0.000

74 

-
3.248

66 
31.2454

7 

228.1
386 N1-Acetylspermidine C9H21N3O 

C006
12 

228.13
83 

0.000
274 

1.201
437 #N/A 

228.1
386 N8-Acetylspermidine C9H21N3O 

C010
29 

228.13
83 

0.000
274 

1.201
437 #N/A 

229.0
017 Tricyclazole C9H7N3S 

C184
92 

229.00
26 

-
0.000

88 

-
3.840

26 #N/A 

229.0
017 cis-2-Methylaconitate C7H8O6 

C042
25 

229.00
2 

-
0.000

25 

-
1.110

59 #N/A 

229.0
233 Daucic acid C7H8O7   

229.02
29 

0.000
356 

1.552
904 #N/A 

229.0
268 Coixinden A C11H10O3 

C179
16 

229.02
62 

0.000
638 

2.785
988 #N/A 
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230.9
81 Oxalosuccinic acid C6H6O7 

C053
79 

230.98
12 

-
0.000

25 

-
1.070

39 #N/A 

231.0
543 Mevalonic acid-5P C6H13O7P 

C011
07 

231.05
39 

0.000
399 

1.727
301 #N/A 

231.0
543 Scoparone C11H10O4 

C093
11 

231.05
38 

0.000
438 

1.893
817 #N/A 

231.0
543 Citropten C11H10O4   

231.05
38 

0.000
438 

1.893
817 #N/A 

231.0
543 

3-Methoxy-4,5-
methylenedioxycinnamaldehy
de C11H10O4   

231.05
38 

0.000
438 

1.893
817 #N/A 

231.0
543 3-Hydroxysuberic acid C8H14O5   

231.05
4 

0.000
283 

1.224
059 #N/A 

231.0
543 Diethyl L-malate C8H14O5   

231.05
4 

0.000
283 

1.224
059 #N/A 

232.0
127 gamma-Carboxyglutamic acid C6H9NO6   

232.01
29 

-
0.000

13 

-
0.549

53 #N/A 

232.0
78 L-Kynurenine 

C10H12N2
O3 

C003
28 

232.07
74 

0.000
613 

2.640
003 #N/A 

232.0
78 

Formyl-5-
hydroxykynurenamine 

C10H12N2
O3 

C056
47 

232.07
74 

0.000
613 

2.640
003 #N/A 

232.9
966 Citric acid C6H8O7 

C001
58 

232.99
69 

-
0.000

27 

-
1.140

67 #N/A 

232.9
966 Isocitric acid C6H8O7 

C003
11 

232.99
69 

-
0.000

27 

-
1.140

67 #N/A 

232.9
966 D-threo-Isocitric acid C6H8O7 

C004
51 

232.99
69 

-
0.000

27 

-
1.140

67 #N/A 

232.9
966 Diketogulonic acid C6H8O7 

C045
75 

232.99
69 

-
0.000

27 

-
1.140

67 #N/A 

232.9
966 2,3-Diketo-L-gulonate C6H8O7 

C045
75   

232.99
69 

-
0.000

27 

-
1.140

67 #N/A 

232.9
966 (1R,2R)-Isocitric acid C6H8O7 

C046
17 

232.99
69 

-
0.000

27 

-
1.140

67 #N/A 

232.9
966 D-Glucaro-1,4-lactone C6H8O7   

232.99
69 

-
0.000

27 

-
1.140

67 #N/A 

233.0
858 

N2-Succinyl-L-glutamic acid 5-
semialdehyde C9H13NO6 

C059
32 

233.08
49 

0.000
895 

3.841
435 

15.5215
7 

234.0
848 Glutamyl-Serine 

C8H13N2O
6   

234.08
46 

0.000
185 

0.791
529 

68.4092
4 

234.0
848 Serinyl-Glutamate 

C8H13N2O
6   

234.08
46 

0.000
185 

0.791
529 

68.4092
4 
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234.0
848 Cassiachromone C13H12O4   

234.08
42 

0.000
633 

2.703
015 #N/A 

234.0
891 

N2-Succinyl-L-glutamic acid 5-
semialdehyde C9H13NO6 

C059
32 

234.08
83 

0.000
839 

3.586
217 

15.5215
7 

234.9
934 p-Chlorobenzene sulfonyl urea 

C7H7ClN2
O3S   

234.99
39 

-
0.000

43 

-
1.846

56 #N/A 

235.0
816 1-Isopropyl citrate C9H14O7   

235.08
12 

0.000
325 

1.380
822 #N/A 

235.0
816 2-Isopropyl citrate C9H14O7   

235.08
12 

0.000
325 

1.380
822 #N/A 

235.0
836 

2-Isopropyl-3,5-dimethoxy-6-
methylpyrazine 

C10H16N2
O2   

235.08
43 

-
0.000

76 

-
3.245

48 #N/A 

235.0
836 

L-alpha-Amino-1H-pyrrole-1-
hexanoic acid 

C10H16N2
O2   

235.08
43 

-
0.000

76 

-
3.245

48 #N/A 

235.1
014 Hirsutin 

C10H19NO
S2   

235.10
14 

-1.9E-
05 

-
0.080

12 #N/A 

240.2
324 Solamine C12H29N3   

240.23
21 

0.000
347 

1.443
401 #N/A 

243.0
702 

2,4-Dihydroxy-6,7-dimethoxy-
2H-1,4-benzoxazin-3(4H)-one 

C10H11NO
6   

243.06
93 

0.000
904 

3.717
617 #N/A 

243.0
702 

2,4-Dihydroxy-7,8-dimethoxy-
2H-1,4-benzoxazin-3(4H)-one 

C10H11NO
6   

243.06
93 

0.000
904 

3.717
617 #N/A 

244.0
859 

N-Deschlorobenzoyl 
indomethacin 

C12H13NO
3   

244.08
55 

0.000
447 

1.830
055 #N/A 

244.0
859 Nigellimine N-oxide 

C12H13NO
3   

244.08
55 

0.000
447 

1.830
055 #N/A 

244.0
859 

alpha-Hydroxy-1-methyl-1H-
indole-3-propanoic acid 

C12H13NO
3   

244.08
55 

0.000
447 

1.830
055 #N/A 

244.0
859 

alpha-Methoxy-1H-indole-3-
propanoic acid 

C12H13NO
3   

244.08
55 

0.000
447 

1.830
055 #N/A 

246.1
016 Hydrocotarnine 

C12H15NO
3 

C135
34 

246.10
11 

0.000
476 

1.934
488 #N/A 

246.1
016 Pantothenol C9H19NO4 

C059
44 

246.10
13 

0.000
321 

1.305
681 #N/A 

247.0
123 Dimethylallylpyrophosphate 

C5H12O7P
2 

C002
35 

247.01
31 

-
0.000

84 

-
3.414

71 #N/A 

247.0
123 Isopentenyl pyrophosphate 

C5H12O7P
2 

C001
29 

247.01
31 

-
0.000

84 

-
3.414

71 #N/A 

247.0
123 2-Methylcitric acid C7H10O7   

247.01
25 

-
0.000

26 

-
1.060

94 #N/A 

247.0
123 Homocitric acid C7H10O7 

C012
51 

247.01
25 

-
0.000

26 

-
1.060

94 #N/A 
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247.0
651 

(2RS,5RS)-(E)-2-(2-
Phenylethenyl)-1,3-dioxan-5-ol C12H14O3   

247.06
42 

0.000
896 

3.626
252 #N/A 

247.0
651 Cuelure C12H14O3   

247.06
42 

0.000
896 

3.626
252 #N/A 

247.0
651 

2,3-Dihydro-6-methoxy-2,2-
dimethyl-4H-1-benzopyran-4-
one C12H14O3   

247.06
42 

0.000
896 

3.626
252 #N/A 

247.1
015 Biotin 

C10H16N2
O3S 

C001
20 

247.10
21 

-
0.000

67 

-
2.717

06 #N/A 

247.1
307 Epoxyeremopetasinorol C13H20O3   

247.13
05 

0.000
197 

0.795
456 #N/A 

248.9
915 Garcinia acid C6H8O8   

248.99
18 

-
0.000

28 

-
1.117

85 #N/A 

250.9
884 Fluorocitric acid C6H7FO7   

250.98
74 

0.000
974 

3.880
537 #N/A 

250.9
905 

1-(Methylsulfinyl)propyl 1-
propenyl disulfide C7H14OS3   

250.99
05 

-8.5E-
05 

-
0.339

13 
300.867

3 

250.9
905 

1-(Methylsulfinyl)propyl 2-
propenyl disulfide C7H14OS3   

250.99
05 

-8.5E-
05 

-
0.339

13 
300.867

3 

250.9
905 

Methyl 1-(2-
propenylsulfinyl)propyl 
disulfide C7H14OS3   

250.99
05 

-8.5E-
05 

-
0.339

13 
300.867

3 

254.0
194 

Glycerylphosphorylethanolami
ne 

C5H14NO6
P 

C012
33 

254.01
9 

0.000
365 

1.438
378 #N/A 

254.0
444 Kinetin C10H9N5O 

C082
72 

254.04
39 

0.000
493 

1.941
643 #N/A 

254.0
444 Methyl bisnorbiotinyl ketone 

C9H14N2O
2S   

254.04
41 

0.000
25 

0.983
954 #N/A 

255.0
953 N2-Succinyl-L-ornithine 

C9H16N2O
5 

C034
15 

255.09
51 

0.000
148 

0.579
834 #N/A 

255.0
953 4-(Glutamylamino) butanoate 

C9H16N2O
5 

C157
67 

255.09
51 

0.000
148 

0.579
834 #N/A 

255.0
953 Aspartyl-Valine 

C9H16N2O
5   

255.09
51 

0.000
148 

0.579
834 #N/A 

255.0
953 Hydroxyprolyl-Threonine 

C9H16N2O
5   

255.09
51 

0.000
148 

0.579
834 #N/A 

255.0
953 Threoninyl-Hydroxyproline 

C9H16N2O
5   

255.09
51 

0.000
148 

0.579
834 #N/A 

255.0
953 Valyl-Aspartate 

C9H16N2O
5   

255.09
51 

0.000
148 

0.579
834 #N/A 

255.0
953 

L-N-(3-
Carboxypropyl)glutamine 

C9H16N2O
5   

255.09
51 

0.000
148 

0.579
834 #N/A 

257.0
954 

Nb-Acetyl-Nb-
methyltryptamine 

C13H16N2
O   

257.09
61 

-
0.000

75 

-
2.932

48 #N/A 
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261.0
281 

6-Phosphonoglucono-D-
lactone C6H11O9P 

C012
36 

261.02
81 

7.75E
-05 

0.296
745 #N/A 

261.0
281 

2-Keto-3-deoxy-6-
phosphogluconic acid C6H11O9P 

C044
42 

261.02
81 

7.75E
-05 

0.296
745 #N/A 

262.0
778 Isopropyl beta-D-glucoside C9H18O6   

262.07
69 

0.000
986 

3.762
756 #N/A 

262.0
799 Aspartyl-Glutamate 

C9H13N2O
7   

262.07
96 

0.000
346 

1.320
341 

68.4204
1 

262.0
799 Glutamyl-Aspartate 

C9H13N2O
7   

262.07
96 

0.000
346 

1.320
341 

68.4204
1 

262.0
799 Pratenol A C14H12O5   

262.07
91 

0.000
793 

3.027
646 #N/A 

262.0
799 N-(1-Deoxy-1-fructosyl)glycine C8H15NO7   

262.08
08 

-
0.000

88 

-
3.364

23 
65.6882

2 

262.0
82 Sepiapterin 

C9H11N5O
3 

C008
35 

262.08
21 

-9.8E-
05 

-
0.373

41 
83.4001

5 

262.0
82 Biopterin 

C9H11N5O
3 

C063
13 

262.08
21 

-9.8E-
05 

-
0.373

41 
83.4001

5 

262.0
82 D-Biopterin 

C9H11N5O
3   

262.08
21 

-9.8E-
05 

-
0.373

41 
83.4001

5 

262.0
82 Orinapterin 

C9H11N5O
3   

262.08
21 

-9.8E-
05 

-
0.373

41 
83.4001

5 

262.0
82 Dyspropterin 

C9H11N5O
3 

C036
84 

262.08
21 

-9.8E-
05 

-
0.373

41 
83.4001

5 

262.0
82 Primapterin 

C9H11N5O
3   

262.08
21 

-9.8E-
05 

-
0.373

41 
83.4001

5 

262.0
82 Deoxyeritadenine 

C9H11N5O
3   

262.08
21 

-9.8E-
05 

-
0.373

41 
83.4001

5 

262.0
841 N-Ornithyl-L-taurine 

C7H17N3O
4S   

262.08
32 

0.000
869 

3.316
615 #N/A 

263.0
765 Carbadox 

C11H10N4
O4   

263.07
75 

-
0.000

96 

-
3.637

99 #N/A 

267.9
989 5-Phosphoribosylamine 

C5H12NO7
P 

C030
90 

267.99
83 

0.000
635 

2.369
164 

38.0831
8 

274.9
56 p-Chlorobenzene sulfonyl urea 

C7H7ClN2
O3S   

274.95
65 

-
0.000

47 

-
1.715

46 #N/A 

276.0
917 Glutamyl-Glutamate 

C10H14N2
O7   

276.09
07 

0.000
991 

3.587
703 #N/A 
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276.0
917 

1-(2,4,6-Trimethoxyphenyl)-
1,3-butanedione C13H16O5   

276.09
23 

-
0.000

62 

-
2.261

12 #N/A 

276.0
917 Pandamarilactam 3x 

C13H17NO
3   

276.09
07 

0.001
011 

3.662
169 #N/A 

276.0
957 N-(1-Deoxy-1-fructosyl)alanine C9H17NO7   

276.09
64 

-
0.000

72 

-
2.614

29 #N/A 

277.1
669 4-Hydroxycinnamoylagmatine 

C14H20N4
O2 

C044
98 

277.16
59 

0.001
013 

3.653
066 #N/A 

290.0
551 Nitecapone 

C12H11NO
6   

290.05
46 

0.000
552 

1.904
085 #N/A 

290.0
551 S-Acetyldihydrolipoamide 

C10H19NO
2S2 

C011
36 

290.05
56 

-
0.000

47 

-
1.623

34 #N/A 

290.0
551 S-Acetyldihydrolipoamide-E 

C10H19NO
2S2 

C162
55 

290.05
56 

-
0.000

47 

-
1.623

34 #N/A 

290.1
074 

3',4',5'-Trimethoxycinnamyl 
alcohol acetate C14H18O5   

290.10
8 

-
0.000

65 

-
2.227

1 #N/A 

290.1
074 Thiamine 

C12H17N4
OS 

C003
78 

290.10
82 

-
0.000

88 

-
3.047

58 #N/A 

290.1
074 Isopentyl beta-D-glucoside C11H22O6   

290.10
82 

-
0.000

8 

-
2.760

52 #N/A 

295.0
163 Paraquat dichloride 

C12H14Cl2
N2 

C002
25 

295.01
66 

-
0.000

21 

-
0.722

19 #N/A 

297.1
971 9-Decenoylcholine 

C15H30NO
2   

297.19
75 

-
0.000

38 

-
1.274

58 #N/A 

303.1
408 Hydroxyvalerylcarnitine 

C12H25NO
5   

303.13
98 

0.001
037 

3.420
984 #N/A 

313.1
811 Arginyl-Histidine 

C12H21N7
O3   

313.18
12 

-
0.000

14 

-
0.439

41 #N/A 

313.1
811 Histidinyl-Arginine 

C12H21N7
O3   

313.18
12 

-
0.000

14 

-
0.439

41 #N/A 

313.1
811 N(6)-(Octanoyl)lysine 

C14H28N2
O3   

313.17
99 

0.001
22 

3.896
641 #N/A 

323.9
681 

[Nitrilotris(methylene)]trispho
sphonic acid 

C3H12NO9
P3   

323.96
84 

-
0.000

36 

-
1.102

81 #N/A 

330.1
387 Atropine 

C17H23NO
3 

C014
79 

330.13
77 

0.001
061 

3.212
506 #N/A 

330.1
387 Dihydroferuperine 

C17H23NO
3   

330.13
77 

0.001
061 

3.212
506 #N/A 
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331.2
192 Arginyl-Arginine 

C12H26N8
O3   

331.22
01 

-
0.000

89 

-
2.683

08 
17.1067

2 

341.1
235 Linocinnamarin C16H20O8   

341.12
31 

0.000
413 

1.211
309 #N/A 

341.1
235 Oenanthoside A C16H20O8   

341.12
31 

0.000
413 

1.211
309 #N/A 

341.1
235 Neuromedin B (1-3) 

C12H22N4
O5   

341.12
22 

0.001
329 

3.895
928 #N/A 

347.1
592 

Butyl (S)-3-hydroxybutyrate 
glucoside C14H26O8   

347.15
87 

0.000
492 

1.418
149 #N/A 

351.1
034 Ethylvanillin glucoside C15H20O8   

351.10
5 

-
0.001

63 

-
4.639

27 #N/A 

351.1
034 Dihydromelilotoside C15H20O8   

351.10
5 

-
0.001

63 

-
4.639

27 #N/A 

351.1
034 Domoic acid 

C15H21NO
6 

C137
32 

351.10
34 

6.5E-
06 

0.018
505 #N/A 

357.1
444 Glutaminyl-Tryptophan 

C16H20N4
O4   

357.14
44 

-3.3E-
05 

-
0.091

39 #N/A 

357.1
444 Tryptophyl-Glutamine 

C16H20N4
O4   

357.14
44 

-3.3E-
05 

-
0.091

39 #N/A 

357.1
444 Tryptophyl-Gamma-glutamate 

C16H20N4
O4   

357.14
44 

-3.3E-
05 

-
0.091

39 #N/A 

357.1
444 Gamma-glutamyl-Tryptophan 

C16H20N4
O4   

357.14
44 

-3.3E-
05 

-
0.091

39 #N/A 

367.1
474 

1-(1,2,3,4,5-
Pentahydroxypent-1-yl)-
1,2,3,4-tetrahydro-beta-
carboline-3-carboxylate 

C17H21N2
O7   

367.14
55 

0.001
845 

5.025
205 #N/A 

367.1
474 

N1-(2,4-Dimethoxybenzyl)-n2-
(2-(pyridin-2-yl) 
ethyl)oxalamide 

C18H21N3
O4   

367.14
58 

0.001
573 

4.283
973 #N/A 

371.1
598 

4-Hydroxy-3-prenylbenzoic 
acid glucoside C18H24O8   

371.16
11 

-
0.001

25 

-
3.381

12 #N/A 

381.1
266 2-Phenylaminoadenosine 

C16H18N6
O4   

381.12
82 

-
0.001

53 

-
4.025

12 #N/A 

381.1
266 4-O-Methylgalactinol 

C13H24O1
1   

381.12
78 

-
0.001

15 

-
3.023

34 #N/A 

381.1
266 Galactopinitol B 

C13H24O1
1   

381.12
78 

-
0.001

15 

-
3.023

34 #N/A 
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381.1
266 Galactopinitol A 

C13H24O1
1   

381.12
78 

-
0.001

15 

-
3.023

34 #N/A 

381.1
266 

D-Pinitol 2-O-alpha-D-
Galactopyranosyl 

C13H24O1
1   

381.12
78 

-
0.001

15 

-
3.023

34 #N/A 

384.1
42 

N-Acetyl-9-O-
lactoylneuraminic acid 

C14H23NO
11   

384.14
11 

0.000
916 

2.385
01 #N/A 

386.1
556 N-Acetyllactosamine 

C14H25NO
11 

C006
11 

386.15
67 

-
0.001

16 -3.01 #N/A 

386.1
556 

Beta-1,4-mannose-N-
acetylglucosamine 

C14H25NO
11   

386.15
67 

-
0.001

16 -3.01 #N/A 

386.1
556 Lacto-N-biose I 

C14H25NO
11 

C063
72 

386.15
67 

-
0.001

16 -3.01 #N/A 

386.1
556 Poly-N-acetyllactosamine 

C14H25NO
11   

386.15
67 

-
0.001

16 -3.01 #N/A 

393.1
63 

(2S)-2-Butanol O-[b-D-
Apiofuranosyl-(1->6)-b-D-
glucopyranoside] 

C15H28O1
0   

393.16
42 

-
0.001

17 

-
2.968

69 #N/A 

404.1
663 Petasitenine 

C19H27NO
7 

C103
59 

404.16
8 

-
0.001

67 

-
4.126

48 #N/A 

409.1
581 

2,3-Butanediol 
apiosylglucoside 

C15H28O1
1   

409.15
91 

-
0.001 

-
2.454

78 #N/A 

439.1
97 8-Propanoylneosolaniol C22H30O9   

439.19
63 

0.000
776 

1.766
536 #N/A 

442.1
88 18-Carboxy-dinor-LTE4 

C21H31NO
7S   

442.18
94 

-
0.001

43 

-
3.223

08 
0.25431

6 

442.1
88 (E)-Casimiroedine 

C21H27N3
O6 

C105
77 

442.18
59 

0.002
061 

4.659
902 

52.5149
4 

443.1
914 Lusitanicoside 

C21H30O1
0 

C104
74 

443.19
12 

0.000
179 

0.404
182 #N/A 

443.1
914 18-Carboxy-dinor-LTE4 

C21H31NO
7S   

443.19
28 

-
0.001

4 

-
3.162

44 
0.25431

6 

455.2
111 

Butyl (S)-3-hydroxybutyrate 
[arabinosyl-(1->6)-glucoside] 

C19H34O1
2   

455.21
23 

-
0.001

19 

-
2.614

78 
0.52273

4 

456.2
145 

Butyl (S)-3-hydroxybutyrate 
[arabinosyl-(1->6)-glucoside] 

C19H34O1
2   

456.21
57 

-
0.001

15 

-
2.512

35 
0.52273

4 

468.2
038 Biotripyrrin-a 

C25H27N3
O6   

468.20
4 

-
0.000

22 

-
0.472

13 
58.8195

7 
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468.2
038 Biotripyrrin-b 

C25H27N3
O6   

468.20
4 

-
0.000

22 

-
0.472

13 
58.8195

7 

474.1
741 10-Formyltetrahydrofolate 

C20H23N7
O7 

C002
34 

474.17
32 

0.000
953 

2.009
725 #N/A 

474.1
741 N5-Formyl-THF 

C20H23N7
O7 

C034
79 

474.17
32 

0.000
953 

2.009
725 #N/A 

474.1
741 Pteroyl-D-glutamic acid 

C20H23N7
O7 

D01
211 

474.17
32 

0.000
953 

2.009
725 #N/A 

474.1
788 Cadabicine 

C25H29N3
O4   

474.17
9 

-
0.000

15 

-
0.316

32 #N/A 

477.1
879 

6-Feruloylglucose 2,3,4-
trihydroxy-3-
methylbutylglycoside 

C21H30O1
2   

477.18
77 

0.000
144 

0.300
92 

37.7370
8 

477.1
931 

Butyl (S)-3-hydroxybutyrate 
[arabinosyl-(1->6)-glucoside] 

C19H34O1
2   

477.19
42 

-
0.001

12 

-
2.342

67 
0.28912

9 

478.1
966 

Butyl (S)-3-hydroxybutyrate 
[arabinosyl-(1->6)-glucoside] 

C19H34O1
2   

478.19
76 

-
0.001

05 

-
2.186

01 
0.28912

9 

505.1
558 6-Caffeoylsucrose 

C21H28O1
4   

505.15
52 

0.000
634 

1.255
897 #N/A 

505.1
558 Biotripyrrin-a 

C25H27N3
O6   

505.15
65 

-
0.000

68 

-
1.350

91 #N/A 

505.1
558 Biotripyrrin-b 

C25H27N3
O6   

505.15
65 

-
0.000

68 

-
1.350

91 #N/A 

507.2
316 Caffeoylferuloylspermidine 

C26H33N3
O6   

507.22
95 

0.002
046 

4.032
977 #N/A 

507.2
316 

N1-Caffeoyl-N10-
feruloylspermidine 

C26H33N3
O6   

507.22
95 

0.002
046 

4.032
977 #N/A 

511.2
265 6-O-Oleuropeoylsucrose 

C22H36O1
3   

511.22
96 

-
0.003

1 

-
6.069

31 
29.9116

9 

521.2
425 N1,N10-Diferuloylspermidine 

C27H35N3
O6   

521.24
52 

-
0.002

64 

-
5.064

04 #N/A 

521.2
473 N1,N10-Diferuloylspermidine 

C27H35N3
O6   

521.24
52 

0.002
096 

4.020
653 #N/A 

525.2
422 

Sarcodon scabrosus 
Depsipeptide 

C23H39N3
O8   

525.24
02 

0.001
95 

3.712
153 #N/A 

528.1
763 Demethyloleuropein 

C24H30O1
3   

528.17
93 

-
0.003

01 

-
5.701

33 #N/A 

528.1
763 

(S)-Multifidol 2-[apiosyl-(1->6)-
glucoside] 

C22H32O1
3   

528.17
69 

-
0.000

6 

-
1.142

4 #N/A 
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528.1
763 Gravacridonediol glucoside 

C25H29NO
10   

528.17
51 

0.001
187 

2.246
85 #N/A 

535.2
629 AFN911 

C29H33N7
O2   

535.26
21 

0.000
757 

1.414
579 

1.49443
7 

536.2
662 AFN911 

C29H33N7
O2   

536.26
55 

0.000
685 

1.278
179 

1.49443
7 

537.2
816 

7,8-Dihydrovomifoliol 9-
[rhamnosyl-(1->6)-glucoside] 

C25H42O1
2   

537.28
16 

-4.3E-
05 

-
0.079

92 #N/A 

537.2
816 Postin 

C22H40N8
O5   

537.28
2 

-
0.000

46 

-
0.864

65 #N/A 

538.1
606 Salviaflaside methyl ester 

C25H28O1
3   

538.16
36 

-
0.003

03 

-
5.628

79 #N/A 

541.1
634 

N,N'-Bis(g-glutamyl)-3,3'-(1,2-
propylenedithio)dialanine 

C19H32N4
O10S2   

541.16
33 

9.49E
-05 

0.175
395 #N/A 

549.2
786 Desmosine 

C24H40N5
O8   

549.27
69 

0.001
734 

3.156
062 

0.37435
8 

549.2
786 Isodesmosine 

C24H40N5
O8   

549.27
69 

0.001
734 

3.156
062 

0.37435
8 

550.2
823 Desmosine 

C24H40N5
O8   

550.28
03 

0.002
076 

3.773
275 

0.37435
8 

550.2
823 Isodesmosine 

C24H40N5
O8   

550.28
03 

0.002
076 

3.773
275 

0.37435
8 

556.1
712 Lippioside II 

C25H30O1
4   

556.17
42 

-
0.002

97 

-
5.340

51 
1.49180

6 

556.1
712 Alkaloid RC 

C26H29NO
11   556.17 

0.001
228 

2.207
604 

15.9638
2 

557.1
746 Lippioside II 

C25H30O1
4   

557.17
75 

-
0.002

99 

-
5.360

46 
1.49180

6 

566.0
894 dTDP-D-glucose 

C16H26N2
O16P2 

C008
42 

566.08
64 

0.003
019 

5.333
48 #N/A 

566.0
894 dTDP-D-galactose 

C16H26N2
O16P2 

C020
97 

566.08
64 

0.003
019 

5.333
48 #N/A 

589.0
207 UDP-L-rhamnose 

C15H24N2
O16P2 

C021
99 

589.02
33 

-
0.002

6 

-
4.414

33 #N/A 

589.0
25 UDP-L-rhamnose 

C15H24N2
O16P2 

C021
99 

589.02
33 

0.001
718 

2.916
243 #N/A 

592.2
054 Citrusin B 

C27H36O1
3   

592.20
82 

-
0.002

75 

-
4.649

71 #N/A 

776.4
146 Angiotensin IV 

C40H54N8
O8 

C158
49 

776.41
71 

-
0.002

51 

-
3.229

31 #N/A 

782.2
197 

Rubrofusarin 6-[glucosyl-(1-
>3)-glucosyl-(1->6)-glucoside] 

C33H42O2
0   

782.21
95 

0.000
178 

0.227
611 #N/A 
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782.2
197 

Pelargonidin 3-sophoroside 5-
glucoside 

C33H41O2
0   

782.21
5 

0.004
648 

5.942
401 #N/A 

 

 


