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Dispersion plot recorded for sodiated organic acids using N2 carrier gas: m/z 141 isomers of succinic and methylmalonic (MMA) acids (green diamonds), m/z 155 isomers of glutaric and methylsuccinic acids (orange squares), m/z 169 isomers of adipic and methylglutaric acids (blue circles). Experiments were performed using methanol:water solution. Dry gas flow and temperature were set at 6.5 L.min - 4: DMS spectra illustrating simultaneous detection of organic acids and amino acids spiked in plasma. Organic acids are detected as sodiated ions: methylmalonic (MMA), glutaric and adipic acids. Amino acids are detected as protonated ions: alanine (Ala), valine (Val), leucine (Leu), methionine (Met), phenylalanine (Phe) and arginine (Arg). Data are recorded using a DV value of 1800 V, and dry N2 flow set at 6.5 L.min -1 . All individual spectra are normalized to the maximum and smoothed using a rolling average over two points. . CV values obtained from DMS spectra recorded with and without methanol used as modifier gas in N2 dry gas. N2 dry gas flow was set at 6.5 L.min -1 and methanol flow was fixed at 2 µL.min - IV.6: Mean values of limit of detection (LOD) and quantification (LOQ) in μM derived using linear regression method for analytes. 18 because they constitute the specific biochemical signature of a disease. 2,3 In other words, metabolic disorders can be early diagnosed based on the variation of concentration of biomarkers.
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In the last four decades, IMDs have gained notable interest in medical field to improve diagnosis, treatment and prevention. Organic acidemias or acidurias consist of an important class of metabolic disorders for which cconsiderable progress has been made for the management of patient. 4 They are caused by defects in amino acids breakdown which results in accumulation of organic acids in biological fluids and tissues. Organic acidemias were converted from lethal acute to chronic diseases, so that most of patients can reach adulthood with social prospects.

Classical clinical onset of organic acidemias occurs at neonatal period. Methylmalonic acidemia is a typical example of organic acidemia that is discussed throughout this manuscript. Methylmalonic acidemia is one of the most frequent disorder and could lead to severe consequences. It was first described in 1967. 5 This disorder is inherited in an autosomal recessive fashion affecting at least 1 out of 50 000 individuals. 6 It is a heterogeneous condition caused by mutation in genes encoding methylmalonyl-CoA mutase (MCM) enzyme or involved in the biosynthesis of its specific cofactor, adenosyl cobalamin, produced from vitamin B12 (also called cobalamin). MCM is involved in the mitochondrial catabolic pathway of some amino acids. According to its pathophysiology, it belongs to the group of toxic inborn errors of metabolism. From a biochemical point of view, methylmalonic acidemia is associated to organic acidemia group, since a defect in enzyme activity leads to a build-up of toxic organic acids, notably methylmalonic acid (MMA), in biological fluids.

MMA is thus a primary and specific biomarker of methylmalonic acidemia. 7 Crucial steps of MMA metabolic pathway are depicted in 

Conventional analytical approaches for diagnosis of organic acidemias

Most IMDs are diagnosed using metabolomics based strategies. 9 Metabolomics is defined as the systematic study of metabolites found within a biological system. 10,11 Metabolomics holds promises for better understanding of disease mechanism and biomarker discovery. 12 Two types of approaches can be distinguished. Untargeted metabolomics (or fingerprinting) consists of an exhaustive analysis of all metabolites present in a given sample, and targeted metabolomics (or metabolic profiling) aims to identify and quantify a selected set of known metabolites related to specific diseases or metabolic pathways. Both approaches were applied for methylmalonic acidemia. 13,14 Mass spectrometry (MS)-based metabolomics techniques are typically employed in routine settings. Nuclear magnetic resonance is also an important tool, but MS is less expensive and more sensitive which is desired for quantification of metabolites in complex mixtures. 15 Mass spectrometry is usually coupled to a pre-separation method, such as gas or liquid chromatography, for routine diagnosis. This technique is used at our partner laboratory at Necker Hospital.

Methods based on gas chromatography-mass spectrometry

The state of the art of organic acidemia diagnosis relies on gas chromatography hyphenated to mass spectrometry (GC-MS). In the 1970s, GC-MS was developed for untargeted analysis of organic acids in urine. [16][17][18] This method is still used nowadays as reference method for diagnosis purposes. Hundreds of endogenous and exogenous organic acids excreted in urine can be separated, identified and quantified by GC-MS.

Once diagnosed, biological monitoring of organic acidemias is based on quantification of only one or few biomarkers.

GC-MS offers also several advantages for untargeted and targeted organic acids analysis. The standard electron impact ionization used with GC-MS leads to high sensitivity, high ionization efficiency, as well as an extensive fragmentation of derivatized organic acids. [19][20][21] These fragmentation patterns provide structural information that are relevant for metabolites identification. Reference mass spectra can be found in universal spectral libraries for a broad range of metabolites. 22 Importantly, separation power of GC-MS allows efficient separation of isomeric organic acids that are abundant in biological fluids, such as MMA and its isomer, succinic acid (SA). 23 GC-MS is not without drawbacks. In particular, organic acids are non-volatile and must be esterified to be transferred to gas phase. Sample treatment requires solvent or solid phase extraction followed by derivatization reaction, [23][24][25][26] to improve separation and detection of organic acids (Figure 2). This pre-analytical procedure is tedious and timeconsuming (~ 2h) besides GC separation that typically takes 30-60 min. Therefore, efforts were directed towards developing a rapid, simple and selective method based on liquid chromatography. 

Methods based on liquid chromatography-mass spectrometry

Liquid chromatography (LC) coupled with tandem mass spectrometry (MS/MS) was found to be an extremely powerful tool for qualitative and quantitative analysis of metabolites in biological samples. 27 In 2000, the greatest breakthrough has come from emergence of atmospheric-pressure ionization techniques such as electrospray. This led to development of targeted LC-MS/MS methods. [28][29][30] This technology has progressively been integrated in clinical laboratories for routine diagnosis and patient's follow-up. In particular, LC-MS/MS is applied in the case of methylmalonic acidemia since patients can suffer from renal failure leading to MMA accumulation in plasma.

First applications using high-performance liquid chromatography (HPLC) hyphenated to MS/MS required solvent extraction and derivatization for sample treatment.

Derivatization is used to improve selectivity and specificity of LC. The advantage is that analysis time was significantly faster than conventional GC-MS methods. LC-MS/MS method has been developed for analysis of MMA and SA derivatives within ~3 min analytical run, in plasma and urine. 31 MMA and SA derivatives may be distinguished based on differences in their fragmentation patterns. Kushnir et al. have published another method for faster (<1 min) and more specific analysis. 32 However, the entire analysis, including sample preparation, for a batch of 100 specimens can be performed in ~4 h. In 2006, a simple and automated sample preparation based on solid-phase extraction has been proposed for analysis of MMA in plasma. 33 Protocol of these LC-MS/MS methods was later optimized in terms of biological sample volume and isomer resolution. 34,35 In parallel, different methods have been developed without derivatization for more practical procedure. 36,37 Organic acids were analyzed in negative ionization mode using hyphenated to sensitive mass spectrometers. MMA and succinic acid in plasma were separated within 3 min. 36 Column washing and reconditioning increased assay time to 10 min per sample.

In 2018, ultra-performance LC has been integrated to high resolution tandem mass spectrometry for diagnosis of inborn errors of metabolism. More precisely, a study has demonstrated the suitability of this method for fast and accurate quantification of a panel of 71 urinary organic acids. 38 Despite improvements in terms of sample preparation and isobar resolution, separation of isomeric metabolites remains a difficult task. Interference from endogenous isomers can lead to ambiguous biomarker identification. Different protocols and methodologies are applied to overcome this issue.

3. Alternative approach: differential mobility spectrometry-mass spectrometry

Ion mobility spectrometry-based techniques

Ion mobility spectrometry (IMS) refers to an attractive separation technique of ions in gaseous phase. Ions are electrically driven though an ion mobility cell filled with an inert gas, for example rare gas or dinitrogen, at ambient pressure and temperature, under the influence of an electric field. 39,40 Mobility of an ion relies on its size, shape and mass-to-charge ratio. IMS gained recent interest for separation and identification of molecules. 41,42 IMS has been applied in several fields starting from chemical warfare agent, illicit drugs to biological molecules such as metabolites, 43 glycans, [START_REF] Jin | Conformation of glycosaminoglycans by ion mobility mass spectrometry and molecular modelling[END_REF] proteins, [START_REF] Mclean | Ion mobility-mass spectrometry: a new paradigm for proteomics[END_REF] lipids [START_REF] Paglia | Ion mobility-derived collision cross section as an additional measure for lipid fingerprinting and identification[END_REF] and biopharmaceuticals. [START_REF] Beck | Cutting-edge mass spectrometry methods for the multi-level structural characterization of antibody-drug conjugates[END_REF] In particular, IMS has been recently investigated in clinical field for routine diagnosis. [START_REF] Chouinard | Ion Mobility in Clinical Analysis: Current Progress and Future Perspectives[END_REF] Breath analysis using IMS technique allows for diagnosis of diseases associated to pulmonary system. New applications emerge in different areas, and the list continues to grow.

Several IMS versions have been developed in the last decades, each having its own principle of operation and design. A detailed description and comparison of the different IMS variants can be found in recent reviews. [START_REF] Kanu | Ion mobility-mass spectrometry[END_REF][START_REF] Cumeras | Review on Ion Mobility Spectrometry. Part 1: current instrumentation[END_REF] Two main categories are generally distinguished. [START_REF] May | Ion Mobility-Mass Spectrometry: Time-Dispersive Instrumentation[END_REF] aspects of space-dispersive techniques. [START_REF] Schneider | Differential mobility spectrometry/mass spectrometry history, theory, design optimization, simulations, and applications[END_REF] Both time-and space-IMS methods can be hyphenated to mass spectrometry instruments (IMS-MS), with which tandem mass spectrometry can be performed (IMS-MS/MS). They also share the principle added values of IMS to MS 41,[START_REF] Lapthorn | Ion mobility spectrometry-mass spectrometry (IMS-MS) of small molecules: Separating and assigning structures to ions[END_REF] that facilitates their integration into the current clinical repertory of analytical methods, as discussed in the recent literature. [START_REF] Chouinard | Ion Mobility in Clinical Analysis: Current Progress and Future Perspectives[END_REF] IMS-based techniques offer several advantages in terms of speed, specificity and cost. More precisely, mobility separation typically occurs on the millisecond timescale, thus ~3 orders of magnitude faster than chromatography (~seconds). Analytical merits of IMS, such as increasing selectivity and sensitivity of MS, make IMS strategies suitable for analysis of complex mixtures. [START_REF] Guevremont | Analysis of a tryptic digest of pig hemoglobin using ESI-FAIMS-MS[END_REF][START_REF] Donohoe | A New Ion Mobility-Linear Ion Trap Instrument for Complex Mixture Analysis[END_REF] As a result, lowabundance metabolites in biological samples can be easily distinguished and sufficient information can be acquired. For example, profiling of human blood metabolome was performed using IMS-MS, and separation of 300 isomeric metabolites was separated within various classes. 56 The main advantage of IMS is separation of isomers and isobars unresolved with low MS resolution. In many instances, diverse isomeric species were first separated by IMS-MS which was not reported previously with other methods. [START_REF] Liu | Characterizing oligosaccharides using injected-ion mobility mass spectrometry[END_REF][START_REF] Xing | Metabolic Analysis of Striatal Tissues from Parkinson's Disease-like Rats by Electrospray Ionization Ion Mobility Mass Spectrometry[END_REF] Performance and applications of methods may, however, vary particularly in terms of ion separation and identification.

Differential mobility spectrometry-mass spectrometry

Differential mobility spectrometry-mass spectrometry (DMS-MS) is proposed in our project as an alternative or complementary approach to chromatographic methods for diagnosis of organic acids. But, one would ask why choosing DMS rather than DT-IMS for analysis of small molecules?

DMS technology is successfully applied for gas-phase separation of small molecules, [START_REF] Lapthorn | Ion mobility spectrometry-mass spectrometry (IMS-MS) of small molecules: Separating and assigning structures to ions[END_REF] while DT-IMS is primarily dedicated for characterization of macromolecules. DMS could find a greatest utility in metabolomic workflows, [START_REF] Wernisch | Application of differential mobility-mass spectrometry for untargeted human plasma metabolomic analysis[END_REF] particularly for its powerful separation of isomeric metabolites, [START_REF] Parson | Rapid analysis of isomeric exogenous metabolites by differential mobility spectrometry -mass spectrometry[END_REF][START_REF] Coy | Detection of radiation-exposure biomarkers by differential mobility prefiltered mass spectrometry (DMS-MS)[END_REF][START_REF] Maccarone | Characterization of acyl chain position in unsaturated phosphatidylcholines using differential mobility-mass spectrometry[END_REF][START_REF] Purves | Electrospray Ionization High-Field Asymmetric Waveform Ion Mobility Spectrometry-Mass Spectrometry[END_REF] endogenous as well as exogenous species. For instance, DMS can distinguish between isomers of lipids, [START_REF] Bowman | Broad Separation of Isomeric Lipids by High-Resolution Differential Ion Mobility Spectrometry with Tandem Mass Spectrometry[END_REF] cabohydrates, [START_REF] Levin | Using a nanoelectrospraydifferential mobility spectrometer-mass spectrometer system for the analysis of oligosaccharides with solvent selected control over ESI aggregate ion formation[END_REF][START_REF] Campbell | Fragmentation in the ion transfer optics after differential ion mobility spectrometry produces multiple artifact monomer peaks[END_REF] amino acids and derivatives such as sarcosine, α-and β-alanine 67 and α-, β-, and γaminobutyric acids. [START_REF] Wang | Infrared isomer-specific fragmentation for the identification of aminobutyric acid isomers separated by differential mobility spectrometry[END_REF] DMS has also been shown to be very orthogonal to different mass analyzers, which is an important aspect for improving the resolving power of the analytical method. [START_REF] Guevremont | Analysis of a tryptic digest of pig hemoglobin using ESI-FAIMS-MS[END_REF][START_REF] Baird | High-Resolution Differential Ion Mobility Separations/Orbitrap Mass Spectrometry without Buffer Gas Limitations[END_REF] DMS can thus act as an ion pre-filter. [START_REF] Shvartsburg | High-Definition Differential Ion Mobility Spectrometry with Resolving Power up to 500[END_REF] Ions can be introduced into DMS device continuously allowing real-time monitoring of samples. An additional advantage is that targeted biomarker can be selected at distinct CV value than other metabolites featuring in complex mixture with isomeric species as illustrated in Figure 3. Finally, it has also been shown that the number of false positive assignments can be reduced using DMS. 71 Analytical and diagnosis performance of DMS-MS/MS has been recently evaluated. 72- 74 In a recent study, 72 800 diverse metabolites were selected using standards dissolved in organic solution. Metabolite coverage achieved with DMS has been shown comparable to that achieved with high-performance liquid chromatography hyphenated to MS. Studies were conducted for separation, identification and quantification of biomarkers in biological fluids, such as amphetamine type stimulants and amino acids and related compounds. [START_REF] Chen | Modifier-assisted differential mobility-tandem mass spectrometry method for detection and quantification of amphetamine-type stimulants in urine[END_REF][START_REF] Berthias | Identification and quantification of amino acids and related compounds based on Differential Mobility Spectrometry[END_REF] Both studies [START_REF] Chen | Modifier-assisted differential mobility-tandem mass spectrometry method for detection and quantification of amphetamine-type stimulants in urine[END_REF][START_REF] Berthias | Identification and quantification of amino acids and related compounds based on Differential Mobility Spectrometry[END_REF] Interestingly, high orthogonality between DMS and LC has been evidenced based on DMS hyphenated to LC-MS/MS. [START_REF] Campbell | Differential mobility spectrometry: a valuable technology for analyzing challenging biological samples[END_REF] Two-dimensional separation using LC-DMS-MS/MS was reported for eight isobaric species in urine. [START_REF] Varesio | Real-time 2D separation by LC × differential ion mobility hyphenated to mass spectrometry[END_REF] DMS can distinguish between isobars and isomers co-eluted in chromatographic dimension. Similarly, an approach based on coupling DMS to LC-MS/MS was developed for sensitive and selective quantification of isomeric steroids in plasma samples. [START_REF] Jin | A sensitive and selective LCdifferential mobility-mass spectrometric analysis of allopregnanolone and pregnanolone in human plasma[END_REF] Other advantages gained with DMS, namely simple preparation of biological samples, fast analysis and high selectivity, are indeed important benefits for routine diagnosis. [START_REF] Ray | Performance enhancement in the measurement of 5 endogenous steroids by LC-MS/MS combined with differential ion mobility spectrometry[END_REF] 4. Identification of metabolites using DMS Metabolite identification is often an issue using MS-based metabolomics.

Identification of metabolites is generally based on three parameters acquired in GC or LC-MS/MS: retention time (RT), m/z values and fragmentation spectra (MS 2 ). [START_REF] Lynn | Metabolite Identification for Mass Spectrometry-Based Metabolomics Using Multiple Types of Correlated Ion Information[END_REF] Many factors complicate metabolite assignment from RT databases such as inter-instrument comparability of RT and lack of stability. In addition, as discussed, isomeric metabolites (same m/z) can be co-eluted at nearly the same RT and may display similar fragmentation spectra using conventional techniques, as shown in Figure 4. Additional robust and confident molecular identifier is thus needed. To address this issue, several studies convey benefits of classical IMS for structural identification of metabolites, especially isomeric species. [START_REF] Paglia | Ion mobility-derived collision cross section as an additional measure for lipid fingerprinting and identification[END_REF][START_REF] Sinclair | Mobilising ion mobility mass spectrometry for metabolomics[END_REF][START_REF] Paglia | Ion Mobility Derived Collision Cross Sections to Support Metabolomics Applications[END_REF] IMS-derived cross collision section (CCS) provides complementary information to m/z, as shown for peptides, lipids and carbohydrates. [START_REF] May | Conformational Ordering of Biomolecules in the Gas Phase: Nitrogen Collision Cross Sections Measured on a Prototype High Resolution Drift Tube Ion Mobility-Mass Spectrometer[END_REF] As a result, more and more CCS libraries have been created to enhance metabolites characterization. [START_REF] Paglia | Ion Mobility Derived Collision Cross Sections to Support Metabolomics Applications[END_REF][START_REF] Hines | Evaluation of Collision Cross Section Calibrants for Structural Analysis of Lipids by Traveling Wave Ion Mobility-Mass Spectrometry[END_REF] The idea of using the so-called CV as an identifier was further investigated. [START_REF] Berthias | Identification and quantification of amino acids and related compounds based on Differential Mobility Spectrometry[END_REF] A chromatography-like CV spectrum of analytes of interest provides information about species present in a sample. The characteristic CV can be an identification parameter as retention time obtained with GC/LC methods. In the case of isomers, DMS can allow a selective transmission of one species at a specific CV value, and consequently a reliable identification (Figure 4). CV value could be a valuable criterion for an accurate and specific characterization of metabolites. This thesis deals with a development of a robust method based on DMS for diagnosis of pertinent metabolites. In this thesis, there is a particular focus on methylmalonic acid, biomarker of methylmalonic acidemia. Our ultimate objective is to evaluate DMS-MS analytical performance for separation of MMA from its isomer succinic acid, its identification and quantification in plasma samples.

Chapter I consists of a literature review of fundamentals that underly DMS separation process. The chapter provides a summary of DMS history, then DMS principle and mechanisms of separation based on evidences provided in recent literature.

Chapter II outlines experimental workflow adapted in this work. This chapter includes, reagents and materials used for sample preparation and calibration. Then, our mass spectrometers and home-built mobility device used for optimization and organic acids analysis are described. Data analysis and validation method are also reported.

Chapter III begins with a discussion of ionization of organic acids in positive mode.

Results about how ion reaction occurring in transfer region can convolute DMS spectra are presented with examples. Optimization of important DMS parameters is detailed, particularly of dry gas flow effect on ion desolvation before DMS entering. The chapter closes with a discussion for the choice of cation for analysis of organic acids in plasma.

Chapter IV presents a proof-of-concept of DMS-MS protocol to be used for analysis of organic acids in plasma. Separation is carried out in our standard DMS conditions. DMS identification of a set of isomeric organic acids in plasma was successful over a large period of time. Additionally, the method was validated for quantification of MMA in plasma. Combined calibration of organic acids and amino acids within the same plasma sample was achieved in the perspective of multi-class metabolites analysis.

Finally, Chapter V is dedicated to conclusions and future directions related to this work.

Chapitre I -Differential Mobility Spectrometry: History, Separation Principle and State of the Art

The main characteristics of differential mobility spectrometry instrument and method are described in this chapter. DMS separation of isomers is detailed, and physicochemical mechanisms that help to understand the separation process are discussed.

Literature data are provided to describe the influence of different factors on ions behavior, as well as some important analytical issues found with DMS. When DMS migrated to North America, GC-DMS systems were commercialized by Sionex, Inc. (Bedford, MA) for environmental and toxicological applications. Other groups may define DV as peak-to-peak voltage (Vpp). 11 In general, the higher is the DV or SV value, the better is the peak capacity and the resolution. 1

Figure I.2: Illustration of DMS separation. a) Ion separation occurs under an asymmetric radiofrequency (RF) electric field. Colored dots and lines represent ions and their trajectories between the DMS electrodes, respectively. A compensation voltage (CV) applied to one electrode to compensate the deviation and allows for specific ion transmission. b) A DMS spectrum represents the ion signal intensity plotted against CV value.

Based on literature data, ions exhibit different mobility coefficients under high electric field. 12 As a result, the three ions may 

I.2.2. Ion mobility coefficient versus electric field

This section focuses on the theoretical basis of ion mobility spectrometry, and more precisely DMS operation. It should be noted that mobility equations are usually expressed using the reduced electric field E/N, where E is the electric field (V.cm -1 ), and N is the gas number density (cm -3 ). E/N is conventionally expressed in Townsend units (Td, 1Td = 10 -17 V.cm 2 ). For a sake of implication, however, electric field will be only used in the following equations.

Ion mobility separation is based on ion acceleration in a transport gas or carrier gas, at atmospheric pressure, by an electric field (E). The average ion velocity is proportional to the electric field through K factor defined as the ion mobility coefficient. This velocity is constant under the effect of a low and uniform electric field, because the kinetic energy gained by the field is transferred to gas during collision. Based on measurements of ion mobility coefficient made for different types of molecules, 12,14 mobility K usually remains constant under low electric field, as illustrated in Figure I.3 for three (isomeric) ions.

Figure I.3: Representation of ion mobility coefficient (K) evolution as a function of electric field (E).

Low-field mobility forms the basis for ion separation in drift tube ion mobility (DT-IMS) devices. A short pulse length of ions is introduced into the DT-IMS device which defines the time phase. Ions are then time-separated based on their drift time under a relatively low and uniform electric field (typically <10 4 V.cm -1 , < 30 Td) in a gas at atmospheric pressure. Measured drift time (td) is related to K coefficient as in Equation (1), where L, is the length of the drift tube, typically ~ 1 m, and E, is the electric field.

𝑡 𝑑 = 𝐿 𝐾 ×𝐸 (1) 
The mobility coefficient is given by Mason-Schamp equation. 15 The mobility K is related to reduced mass of ions and carrier gas molecules (µ), ion charge (z) and structure (Ω) (Equation ( 2)). Collision cross section (Ω or CCS) with the given carrier gas is used for identification. 16,17 Different groups are involved in this field, and CCS databases are available for a variety of compounds. 

𝐾 (𝐸) = 𝐾 (0)[1 + 𝛼 (𝐸)] (3) 
where K(0) is the reduced mobility coefficient, i.e. low-field mobility coefficient, and α(E) is the differential mobility alpha function of the ion of interest. Alpha function is a characteristic property of an ion that describes the field dependence of ion mobility, as expressed in the following Equation.

𝛼(𝐸) = 𝐾 (𝐸) -𝐾 (0) 𝐾 (0) (4) 

I.3. Three types of ions

Three distinct ion types (A, B and C) can be distinguished using DMS. [22][23][24] These ion behaviors have been observed for different molecules and interpretations have been proposed based on the interactions between ions with carrier gas molecules. 25,26 Dependence of alpha function on reduced electric field (E/N) was derived using dispersion plots. 14 where naked ions are released from clusters through energetic collisions with the gas.

Figure I.4: Three dispersion plots are illustrated for Type A, B and C ions. Dispersion plot defined as variation of compensation voltage (CV) as a function of dispersion voltage (DV).

This mechanism accounts for the non-linear electric field dependence of the ion differential mobility which is the basis of the DMS separation. DMS separation is also related to the unique ion-molecule interactions. Ion-molecule clustering can occur with N2 but gets more pronounced in the presence of polar organic molecules, as evidenced by larger negative CV shifts. [28][29][30][31] Type C behavior (green ion) corresponds to a decrease of mobility as a function of DV.

As a result, CV shifts is towards more positive values when increasing DV. This is interpreted as being due to elastic collisions with gas molecules. Type C occurs typically with proton bound dimer which can be considered as hard sphere since charge is embedded, thus preventing from strong interactions with gas molecules.

Hard sphere collision regime typically dominates the separation with an inert carrier gas such as helium which does not bind strongly with ions. 26 Type B behavior (blue ion) illustrates a combination of type A and type C. CV value initially decreases with DV (Type A), reaches a minimum, then increases at higher DV (Type C). In a way, this behavior should be observed with any Type A ion when increasing sufficiently the DV value.

I.4. DMS separation: influence of modifiers

I.4.1. Evidence of ion-modifier clustering

One way to improve DMS separation is the addition of polar molecules called modifiers to the carrier gas. Modifier effect was first described based on experiments performed in presence of moisture in the transport gas. 5,27 The observed CV shifts were related to the dynamic clustering-declustering model. 28,29 The relationship between an ion DMS behavior and ion-molecule clustering has been examined in several studies. 25,26,30,31 While the degree of CV shift is traditionally employed to assess ion-molecule clustering in a DMS environment, dispersion plot can also provide experimental evidence of equal importance. Different examples reported in the literature are discussed below.

Hopkins and coworkers have studied DMS behavior of five 2-methylquinolinium isomer pairs using dispersion pots recorded with different carrier gas composition. 31 Each pair of isomers differs by the position of a substituent (NH2, CH3, NO2, Cl, …) which The weak water clustering with 8-substituted derivatives can be rationalized using steric consideration. Indeed, ion-water cluster results from hydrogen bonding between water and charge site -NH + , and steric interaction with proximal substituent on position 8 may makes ion-water interaction weaker. If amino-or nitro-derivatives are considered, however, substitution on 8-position can greatly influence H-bond network.

is
In the case of 8-amino substituted quinoline, it has been demonstrated that two N-H …… O hydrogen bonds were formed. 31 One between water and -NH + charge, and the other between water and one amino NH in the vicinity (8-position) of the charge site.

As a result, the ion-cluster is strongly bound, which explains the large negative CV shift for the 8-similar to the 6-amino substituted isomer.

In the case of the nitro group in the 8-position, the reverse is true. An intramolecular hydrogen bond is formed between -NH + and nitro group in the 8-position of the naked ion. Hence, formation of hydrogen bond between water and -NH + requires distortion and/or disruption of this intramolecular hydrogen bond. As a result, water-ion interaction is not much stronger in the 8-than in the 6-nitro substituted isomer.

Among factors that may impact ion-modifier clustering, charge delocalization was identified in another related study of protonated substituted quinoline. 32 Electronic donating or withdrawing substituents, in particular on 5-and 7-positions, were found to greatly influence DMS behavior of quinoline derivatives. The charge is thus delocalized via resonance, which results in weak interaction between -NH + group and methanol used as modifier. Hence, ion-molecule clustering can be modulated by different steric and/or electronic effects, which in turn impact the DMS behavior of ions.

I.4.2. Effect of charge accessibility on ion-molecule clustering

Effect of charge accessibility on ion-modifier clustering was also characterized based on DMS behaviors of a series of tetraalkylammonium cations (R4N + ). 30 For these ions, it can be assumed that the positive charge is localized on N, and is surrounded by four alkyl chains of increasing size as shown in CV of cations is found to increase as a function of DV. Such trend is associated to hardsphere behavior with weak ion-N2 interaction (Type C). This DMS behavior is not surprising since ion-N2 interaction is intrinsically weak and the positive charge is not easily accessible. With this respect, it is interesting to stress that for a given DV value, the smallest CV value corresponds to the smallest alkyl chain ammonium (Me4N + ). Upon addition of modifiers to the N2 carrier gas, B-and even A-type behaviors are observed. 30 CV values are only slightly shifted with water (light blue curve) and methanol (orange curve). This indicates that weak clusters are formed with R4N + ions.

A more negative CV shift is induced with addition of isopropanol (green curve). Thus, ions more strongly cluster with isopropanol than with methanol and water. CV negative shift increases with addition of acetonitrile, which suggests that clustering is even more pronounced (dark blue curve) than with isopropanol. Ultimately, the most negative CV shift was systematically found to be induced by acetone (red curve). To summarize, one can keep in mind the trend of ion-modifier binding clustering strength: N2 < water < methanol < isopropanol < acetonitrile < acetone. Clustering is prevented between modifiers and Pr4N + , due to steric hindrance associated with the four alkyl groups surrounding the N + charged site. As expected, only acetone and acetonitrile used as modifiers lead to significant negative CV shift (~ -20 V). However, in the case of isomers with one or two H-bonds (Bu3-HN + and Hx2-H2N + ), the charge site is more accessible. CV shifts observed with acetone, acetonitrile and methanol are nearly the same. In fact, the largest CV shift is found upon addition of isopropanol. This is due to the formation of two H-bonds between -NH + and isopropanol, leading to strong clustering. Modifiers can more efficiently cluster with Do-H3N + ions, when the number of H-bond was increased. Even with water, negative CV shifts are observed. These behaviors arise from the accessibility of charge to modifier molecules. 30 To conclude, this systematic study illustrates significant CV shift induced upon modifier addition into N2 carrier gas strongly depends on charge accessibility. 30,31 In the perspective of isomer separation, it should be kept in mind that charge accessibility and delocalization have been found to play a key role in DMS behavior. Hydrogen bonding plays a very special role, which is due to the fact that these hydrogen bonds have ionic character. Ionic hydrogen bonds have been studied thoroughly, and found to be especially strongly bond in proton bond dimers, 33 for example. Hence, isopropanol which allows for the formation of hydrogen bond seems to be an efficient modifier in the sense that different DMS response can be observed for structural isomers.

I.5. Proton-bound dimer: analytical issues

Proton-bound dimer (PDB) are formed under positive ionization conditions, when protonated monomers [M+H] + are targeted. 34 Identification of DMS peaks corresponding to protonated monomer and its corresponding various PBD has been discussed, for example, for a series of protonated ketones and organophosphorus ions using DMS. 14,28 The general DMS spectrum is The fact that all these PBD have nearly the same positive CV value can simply be rationalized considering charge (H + ) accessibility. Dinitrogen molecules of carrier gas weakly bind to dimers, especially when PBD are formed with bulky groups. It is important to mention that monomers could also be found at positive CV values. As discussed in the previous section, charge delocalization or intramolecular H-bonding could occur, which prevents clustering between monomer ions and dinitrogen. In order to maximize [M+H] + signal, tandem DMS systems have been proposed. 35 The idea is to transmit ions through two successive DMS systems. Both ultraFAIMS and DMS prototype instruments have been used. 36 ). This reaction is reversible. Dimers may experience collisions with gas leading to their fragmentation (see Reaction ( 2)). This is the so-called in-source fragmentation, also known as in-source collision induced dissociation. 1,2 Conversely, hydration of monomers may also occur during the accumulation and/or trapping periods (10-100 ms), due to residual water always present in He and Ar, using the QIT or FT-ICR, respectively. The issue of formation of hydrated complexes is discussed in the next chapter.

II.1.2. Our home-built DMS device

Our home-built differential mobility spectrometry (DMS) device has been successfully coupled to our QIT 3,4 and FT-ICR 5 If the same DMS electrodes are used, spaced by the same gap, and the same electronics is used for driving the electric field, DMS spectra are found to be very similar when recorded on the two instruments. In particular, peaks are found at the same CV position. One difference is that acquisition time on FT-ICR is longer than on QIT, due in particular to the long time acquired for accurate mass measurements.

II.1.3. Control of transport gas flow and composition

Default DMS transport gas is dinitrogen (N2). An NIGen LCMS 40-1 (Claind, Tremezzina, Italy) N2 generator was used to produce N2 gas with a purity up to 99.99%. Corresponding drag flow value depends on the glass capillary features (diameter in particular). It has been measured to be 15.1 cm 3 .s -1 on QIT and 24.7 cm 3 .s -1 on FT-ICR.

As a result, the residence time of ions is longer using the QIT (7.5 ms) than the FT-ICR (4.6 ms), which results in narrower DMS peaks, in the former than in the latter case.

Figure II.3: Illustration of N2 gas flow redirected towards between DMS electrodes as a result of pumping (drag flow), and the other part is used for desolvation (dry gas flow).

Addition of polar modifiers to N2 carrier gas was attempted as modifiers can induce significant CV changes. Since the induced shifts of CV value are significant and very sensitive to the modifier flow, a very stable and reproducible system had to be set-up.

Initial experiments were performed using an LC system, but the flow range was not sufficiently large for our purpose. A specific syringe pump system (CETONI GmbH, Automatisierung und Microsysteme, GERMANY) was thus used for introducing modifier molecules in the heated dry gas line (Figure II.4). The gas line was heated to ensure homogenous distribution of the small liquid amount in the N2 gas before reaching the region where both desolvation gas flow and temperature can be controlled using the Bruker software. A liquid flow rate of modifiers ranging from 0.5 to 10 μL.min -1 was controlled using neMESYS software. It should be noted that the molar percentage of modifier vapor added in dinitrogen carrier gas (flow fixed at 5 or 6.5 L.min -1 ) is extremely low. The value varies between 0.005% and 0.3% , which is one or two orders of magnitude lower than percentages reported in the literature. 9 These low percentages are found sufficient since full resolution of isomers can be obtained. 

II.2. Protocol based on DMS-MS method

Our protocol based on differential mobility spectrometry hyphenated to mass spectrometry (DMS-MS) is developed for analysis of organic acids (OAs) in plasma.

Analytical performance of DMS-MS is evaluated using a panel of biomarkers for which isomers are naturally occurring in biological fluids (Figure II.5). Separation of isomeric species is indeed essential allowing for a reliable identification and quantification of biomarkers.

We are interested in analysis of methylmalonic acid (MMA) as a biomarker of methylmalonic acidemia, in presence of its isomer, succinic acid. MMA and succinic acid can be found in plasma. 10 When developing an assay for MMA, the lack of interference from succinic acid should be demonstrated. Two biomarkers of relevant Since amino acids can also be found in plasma, organic acids and amino acids can be analyzed together. 12 Therefore, a set of 6 amino acids (AAs) is selected including alanine, valine, leucine, methionine, phenylalanine and arginine. Experiments were performed in the perspective of using DMS-MS as multiclass-metabolites method.

Multi-class calibration allows combined measurement of pathophysiological concentrations of organic acids and amino acids in plasma sample. Corresponding stable isotope compounds were obtained from Eurisotop (Saint Aubin, France).

Solvents, lithium chloride and sodium chloride were purchased from Merck KGaA (Darmstadt, Germany) and formic acid from Fisher Scientific (Hampton, New Hampshire, USA). Methanol and water were used as solvents, isopropanol, acetone and ethyl acetate as modifiers added to dinitrogen as carrier gas. Deionized water is obtained using Millipore Direct-Q 3 UV (Lilipore corporation, Burlington, Massachussetes, USA). All reagents were of analytical-reagent grade. Certified graduated pipettes were used throughout for sample preparation.

II.3.2. Plasma samples

Plasma samples used in this study were collected for diagnosis purpose as part of patient routine care at the Metabolic Biochemistry Department at Necker Hospital 

II.4.2.2. Working solutions for optimization of DMS parameters

Stock solution mixtures were diluted up to a final concentration of 0.1 mM in methanol:water (80:20, v:v) or in plasma samples. In methanol:water solution, lithium and sodium cations were added to form complexes with OAs. For lithium complexes, lithium chloride was added so as to achieve a concentration ratio of 1:10 (OA:Li + ), as often found in the literature. 4 For sodium complexes, sodium chloride was added at 140 mM similar to endogenic concentration of sodium cation in plasma. Therefore, sodium chloride was not added to plasma samples, because sodium concentration is physiologically maintained around 142 mM in plasma.

Working solution of both mixture 1 and mixture 2 was used for optimization of DMS-MS parameters, and subsequently for assessment of DMS performance for separation and identification of organic acids.

II.4.2.3. Working standard solutions for calibration

Working standard solutions of OAs were freshly prepared at 5 different concentrations from stock solution of mixture 1. Stock solution was diluted at 50, 100, 200, 500 and 1000 µM using methanol:water (80:20) solvent mixture, as given in Table II.1. These solutions were used for preparation of calibration sample. 

II.4.3. Control solutions

Two control solutions were used to assess intra-and inter-assay precision. Control solutions were prepared with two different plasma samples (P1 and P6) at a 1/50 final dilution factor. Samples were prepared as follows: 11 µL of deproteinized plasma was added to 50 µL of working standard solution S3 and S4, in order to obtain a final concentration of 20 µM and 50 µM, respectively. 429 µL of methanol:water solution was added to complete volume to 500 µL. 10 µL of MMA-d3 was added to achieve a final concentration of 20 µM in sample.

In parallel, solutions were prepared with six different plasma samples (P1-P6). These solutions were used to evaluate matrix effect on OA concentration. Protocol of preparation was similar to that described above. Two samples were prepared with each plasma spiked with working standard mixtures. Final concentration of OAs in each sample was 20 and 50 µM. MMA-d3 was diluted at 20 µM.

II.4.4. Calibration of organic acids

Calibration of organic acids was performed in a pool of plasma (P0) using working standard solutions of mixture 1 and stock solution of MMA-d3 (Table II • 11 µL of deproteinized plasma (P0),

• 50 µL of each working standard solutions (S1-S5),

• 429 µL of methanol:water solvent solution,

• 10 µL of MMA-d3 stock solution.

Plasma was thus 50-fold diluted. Final concentrations of OAs ranged from 5 to 50 µM in diluted plasma, and MMA-d3 had a final concentration of 20 µM. 

II.4.5. Multi-class calibration

Preparation of multi-calibration samples was identical to the aforementioned method for calibration of OAs (Table II.3). Three tubes were prepared using 11 µL of deproteinized plasma and 50 µL of working standard solutions of OAs (S2, S3 and S4).

Then, dilution factors of working standard solution of AAs were chosen in order to obtain final concentrations of AAs:1.7, 3. 

II.4.6. Plasma samples without standards of organic acids

Plasma samples were prepared in a similar manner for both calibrations. In the case of OAs calibration, a volume of 11 µL of plasma and 10 µL of MMA-d3 stock solution were added without standards. Then, a volume of 479 µL was used for methanol:water (80:20) solvent mixture.

For multi-class calibration, plasma was also diluted by 1/50 dilution factor with 469 µL methanol:water acidified with formic acid. 10 µL of solution of MMA-d3 and 10 µL of IS mixture of AAs were added to achieve final concentrations as in calibration samples.

II.5. Quantitative analysis

Calibration curves of OAs were generated from calibration samples analyzed in duplicate over 6 independent experiments. Multi-class calibration was performed in duplicate on one day. In order to check for potential carry-over, a blank run was systematically performed between two sample runs.

Linear calibration curve parameters were obtained by plotting peak area ratio of compound/IS versus the nominal compound concentration. The CV, FWHM, and DMS peak area values were derived from the fitting procedure described in section II.6.

Concentrations of unknown samples can be calculated from their corresponding area ratios using the corresponding calibration curve.

II.6. Experimental conditions

Identical conditions have been used throughout for DMS-MS analysis. Electrospray was operated in positive ionization mode. Organic acids were cationized with lithium or sodium, whereas amino acids were ionized by protonation. The voltage of the ESI emitter was set to +4.5 kV and the entrance glass transfer capillary was grounded.
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Samples were infused at 100 µL.h -1 . N2 dry gas flow was fixed at 6.5 L.min -1 and its temperature at 220 ℃. The MS instrument parameters, i.e., ion charge control option, were tuned so as to avoid saturation of the ion trap.

Dispersion voltage was fixed at 1800 V, and CV was scanned in 0. -tagTable is the list of targets, organic acids in the present case, associated to their 'approximate' m/z value (m/z_ref). Expected CV value, CV_ref, can also be added. Both m/z_ref and CV_ref define approximate peak position, which is then optimized using analysis.R.

-quantTable defines pairs of metabolites and internal standards added to calibration samples. This file is organized in five columns: target metabolite (Name), its internal standard (IS), endogenous concentration of metabolite (COA_plasma) and concentration of standard OA spiked in plasma (COA_ref) and that of internal standard (CIS_ref). 

II.7.1. Fitting procedure of DMS spectra

The analysis.R script is used for 2D peak fitting using a product of two Gaussian functions in m/z and CV spaces, respectively. As a result, DMS peak centroid (CV), MS peak centroid (m/z), full width at half-maximum (FWHM) in both dimensions and peak area are extracted for each DMS-MS peak. 

II.7.2. Evaluation of results

The aim of using checkrep.R is to assess repeatability and reproducibility performance within a series of data sets. Fitted data and uncertainty of each parameter are collected in a table for all targets and for each experiment. In addition, ratio of areas is calculated for targets and internal standards as specified in quantTable. Mean values, uncertainty and variability over a set of experiments are also given, which is useful for quantification plots and method validation.

II.7.3. Calibration curve plot

Quantification parameters are derived using quantify.R. A calibration curve is plotted for each target. As shown in Figure II.10, peak area ratio is plotted against concentration ratio. Linear regression provides solid line depicted in red in a model with intercept forced to go through the origin (0,0) and in green with variable intercept unforced through 0. Dashed lines are fitted with 95% confidence level. Limit of detection has been estimated using the model of regression line forced to 0, and concentration of unknown samples was calculated using regression model with variable intercept. LOD calculation is based on linear regression method and is discussed in the following section.

A new version called repAndQuantify.R is developed as a combination between checkrep.R and quantify.R for a fast analysis. A regression equation for area ratio as a function of metabolite concentration is provided, associated with statistics for slope, intercept and quantification parameters. 

II.8. Method validation

The objective of validation of our method is to demonstrate that DMS-MS/MS protocol is suitable for accurate identification and quantification of biomarkers. First, robustness of DMS measurement in terms of accuracy on DMS peak position was evaluated in the perspective of using specific CV for metabolite identification. Stability of CV values over time and under different experimental conditions is an interesting probe of DMS robustness. Our second goal is quantification of organic acids in plasma sample. The method was validated for OA biomarkers, i.e. methylmalonic, glutaric and adipic acids.

Method linearity, intra-assay and inter-assay precision and matrix effect were assessed.

More precisely, linearity is assessed at high concentration range of MMA as biomarker organic acidemia, i.e., 100-3000 µM in plasma. Then, precision of the measurement of biomarker concentration with our method is also evaluated. Limit of detection (LOD) and limit of quantification (LOQ) were as well calculated. 

II.8.2. Linearity, LOD and LOQ

Linearity (Figure II.11a) was assessed using calibration curves performed over 6 independent experiments in 5-50 µM concentration range. Calibration curves were plotted as area ratio of OA/IS against OA concentration. Associated characteristics of calibration curve equation, LOD and LOQ were derived using linear regression method implemented in RStudio scripts. [7][8][9][10][11][12][13][14][15][16][17][18] Linear regression method can be an alternative to the well-known signal-to-noise method, when MS analysis does not involve background noise. 15 LOD can be defined as 3 × SDb/S, where SDb is the standard deviation of the intercepts of the regression lines, and S is the slope. LOQ is 3-fold LOD value. 

II.8.3. Intra-assay and inter-assay precision

Precision (Figure II.11b) was evaluated using control samples. Intra-assay precision (repeatability) was evaluated by 6 repetitive replicates of each same sample in a single analytical run. In addition, inter-day precision (reproducibility) was determined using two replicates of each control sample within n days. Mean concentration of replicates is calculated using regression equation. Precision was expressed in terms of coefficient of variation or relative standard deviation (RSD) in percent for each mean concentration. RSD value should vary within 3-4% for good repeatability and 5-8% for reproducibility.

II.8.4. Matrix effect on analyte concentration

Matrix effect or influence of biological matrix on concentration of spiked standards in plasma was assessed (Figure II.11c). Matrix effect was determined using samples prepared with 6 different plasma samples from healthy controls (P1-P6). Each sample was analyzed in duplicate, and a mean value of concentration is derived to calculate recovery. Recovery of spike in each plasma is calculated in percent as measured concentration over the nominal concentration. An acceptable recovery for an individual metabolite was defined between 85-115%.

II.9. Summary

This chapter discusses our proposed DMS-MS workflow for separation of isomers, identification and quantification of biomarkers. Samples were prepared for optimization of experimental conditions. Protocol of sample preparation is used for organic acids and multi-class calibration in plasma. Fitting procedure based on RStudio software is also described. DMS peak shape and calibration curves are derived and statistics on quantification parameters are determined in a simple and fast manner.

Method validation is detailed for assessment of robustness of DMS measurement and quantification of organic acids biomarkers. The chapter closes with a description of our DMS-MS experimental setups used for experiments.

Chapitre III -Lessons learned from DMS-MS analysis of organic acids

This chapter supplies a lot of relevant information on the methodology applied for analysis of organic acids using our differential mobility device hyphenated to a quadrupole ion trap mass spectrometer. Lessons learned from the choice of ionization mode is first discussed. The importance of spectra derived from differential mobility spectrometry (DMS) is highlighted. DMS spectra show processes that are not explicit using only mass spectrometry, are such as in-source fragmentation. Separation of isomeric species using modifier molecules is at the core of this work. The effect of different molecules, advantages and limitations of modifier uses are discussed.

Optimization of dry gas flow needed for complete evaporation of solvents is also considered. In general, these lessons are useful for better interpretation of results and for designing future experiments.

III.1. Ionization via metal cationization

Our choice of positive Electrospray ionization (ESI) for organic acids (OAs) is online with our objectives, but also on preliminary experiments. We were primarily interested in resolving isomeric organic acids for quantification purpose, and DMS-MS experiments using both negative and positive ESI were performed. Under negative ionization mode, deprotonated organic acids were found highly intense. Deprotonated

OAs were found to behave as hard sphere upon collisions with N2, and DMS peaks were found at very similar positions. Positively charged OAs were however better separated under our standard DMS conditions, i.e. with only N2 as carrier gas and using a DV value of 1800 V.

Positive ion mode was thus preferred because a large number of metabolites are expected to be ionized. Our ultimate objective is to be able to explore the ability of DMS-MS for multi-class metabolite analysis in plasma. More precisely, we were targeting simultaneous quantification of organic acids and amino acids, and we choose positive ESI because the latter are usually analyzed as protonated ions.

Only protonated species are generally considered for MS-based metabolomics.

Nevertheless, many different ions can be produced during ionization such as complexes. 1 Complexation with metal cations or neutral molecules is thus used to ionize molecules that cannot be easily protonated, such as organic acids. Cations often used include lithium, sodium and potassium, which can be added to solutions or can be found in biological matrices. Metal cationization allows formation of positively charged complex, [M+X] + , between a metabolite (M) and alkali metal cation (X + ).

Literature data shows that this ionization strategy can greatly improve separation of metabolites using ion mobility spectrometry. 2 For instance, separation of saccharides was achieved with potassium cation. 3 Complexes of relevant isomeric metabolites with sodium cation have exhibited significant separation relative to protonated ions using classical ion mobility instrument. 4 Importantly, cationization leads to structural differences between isomers which can greatly improve separation. Isomeric saccharides complexed with Li + , Na + and K + were analyzed using DMS. 5 Isomers cationized with Li + have shown identical peak positions, which is probably due to the formation of very similar complex structures. However, two well resolved peaks were observed when isomers complexed with Na + and K + . This was rationalized based on formation of different complexes with both Na + and K + allowing for distinguishing between isomers.

Formation of lithiated complexes was first explored, and for this purpose lithium chloride (LiCl) was added to solution. Li + cation was chosen for two main reasons. It is known to tightly bind to oxygen atoms of organic molecules. 6 More importantly, when compounds are complexed to Li + , structural information on isomeric forms of molecules can be derived from MS/MS fragmentation spectra. 5, 7-9 Indeed, lithium cationization may allow for covalent bond dissociation, thus providing rich structural information. For our targeted organic acids, Li + could be bound to two both carbonyl groups. One could thus expect that cyclic structures for two isomers could be sufficiently different that isomeric ions could be separated.

When electrospraying our organic acids (M), [M+Li] + complexes were the most abundant species. This is illustrated with the mass spectrum recorded for mixture 1 on our quadrupole ion trap mass spectrometer in Evidence of dimer post-DMS fragmentation and there consequences on DMS spectra analysis were thoroughly discussed by G. Glish and coworkers for two isomeric sugar molecules, glucose and levoglucosan, ionized with lithium cation. 10 In both cases, three different DMS peaks were found in the ionograms corresponding to m/z of [M+Li] + .

Such DMS spectra could thus be misinterpreted as separation of three conformers or isomers. G. Glish and coworkers have proposed a very careful analysis of these data, in particular, based on data recorded using different source conditions. 10 It was found that two additional monomer peaks were derived from fragmentation of a homodimer and a heterodimer formed between each molecule and a contaminant in solution, in transfer region. It can thus be concluded that post-DMS fragmentation should be considered and assignment of DMS peaks should be made carefully.

In our cases, when abundance of [M+Li] + of each of our organic acids was plotted as a function of CV, DMS spectra were systematically displaying two peaks. An example is illustrated for adipic acid in Increasing DV value can enhance CV spread or peak capacity (PC) and peak-to-peak resolution (Rpp). 13 Rpp helps to evaluate DMS separation of two peaks. Peaks are baseline resolved when Rpp value is greater than 1.5. PC and Rpp are defined in Equations ( 1) and ( 2), where CVmin (CVmax) are the minimum (maximum) values of CV position and w is the FWHM of DMS peaks.

𝑃𝐶 = 2 ×

(CVmax-CVmin) wmax+wmin

(1)

𝑅𝑝𝑝 = 1.178 × (CV1-CV2) (w1+w2) 
(2) It should also be stressed that methylmalonic and its isomer were found at very small ion signal counts leading to poor DMS peak shape at these conditions used in our preliminary experiments. As such, this isomer pair is not presented in the following results.

As can be seen in As expected, isomer separation is also improved with isopropanol relative to dinitrogen for both isomeric pairs starting from 1600 V. Dispersion plots of isomers are parallel at 1800 V and 2000 V which reflects a significant resolution. Peak-to-peak resolution (Rpp) of adipic and methylglutaric acids isomers is increased from 0. On the other hand, the effect of other modifiers has been evaluated. Baseline resolution achieved with methanol as modifier was already reported for isomeric amino acids and related compounds. 15,16 A liquid flow of 2 µL.min -1 of methanol was added to N2 dry gas fixed at 5 L.min -1 . The molar percentage of methanol vapor corresponds to 0.02%. This value is on the same order of that obtained with isopropanol added at the same flow. DMS spectra were recorded for both m/z 139 and m/z 153 isomer pairs at DV value of 1800 V using methanol (Figure III.7b).

Upon methanol addition, CV range is found between -6 V and -11 V. CV is shifted towards more negative values than with isopropanol, which reflects a stronger ionmethanol interaction than ion-isopropanol interaction. Adipic and methylglutaric acids (m/z 153) are also separated with methanol, while no separation is observed for m/z 139 isomer pair. However, isopropanol seems more selective for both isomer pairs than methanol.

It is reasonable to expect differences in DMS separation when using modifiers. As discussed in Chapter I, modifiers induce the strongest clustering process which increases isomer resolution in comparison with N2 only. As a result, CV spread and isomer resolution are increased with modifiers. At the same time, modifier effect on DMS separation is selective. Isopropanol is found to be selective for separation of m/z 153 and 139 isomers, whereas methanol is selective for only m/z 153 isomers. It has been demonstrated that ion separation is changed in specific manner using different modifier molecules. 17 This DMS selectivity is related to the strength of ion-modifier interaction that strongly depends on individual properties of modifier molecules and ions.

Modifiers can provide orthogonal DMS separations. In other words, isopropanol and methanol are orthogonal, i.e. if targeted isomer pair is not resolved with methanol, isopropanol would be selected to achieve separation. In the context of DMS selectivity, assessment of orthogonality between modifiers has been proposed by Schneider et al.. 18 They compared isopropanol to ethyl acetate and acetonitrile that provide high degree of orthogonality for separation of 140 different analytes. Nonetheless, acetonitrile and acetone have allowed for similar effect on DMS separation, as was shown further with tetraalkylammonium. 14 Overall, each modifier separation provides a new orthogonal dimension to the analytical technique.

III.4.2. Practical limitations

Some practical limitations of using a modifier should be mentioned. Modifier choice is an important step in method development. The choice is usually based on trial and error experiments. Several studies have proposed guidance towards modifier selection. 14,18,19 (isopropanol flow = 0). Similar results were also observed with methanol added at 0.5 μL.min -1 . This CV shift is obviously not consistent with modifier effect. We found that this is due to technical limitation in our equipment of modifiers. The syringe was not adapted for adding low modifier liquid flow ≤ 1 μL.min -1 .

Figure III.8: Effect of isopropanol flow added in N2 carrier gas on CV position of isomeric lithiated organic acids for m/z 139 and m/z 153: glutaric (orange squares), methylsuccinic (yellow squares), adipic (dark blue circles) and methylglutaric (light blue circles). Dry gas flow and

temperature were set at 5 L.min -1 and 200 ℃, respectively.

Ion signal can be sensitive to modifier nature and flow. Ion signal is found to be lower by one order of magnitude with 2 μL.min -1 of isopropanol compared to N2 only. Figure III.8 shows that two ions (glutaric and methylsuccinic acids) were not detected at 5

μL.min -1 . When isopropanol flow was increased gradually from 5 to 10 μL.min -1 , no ions were observed. This indicates that optimal isopropanol flow ranges between 2 and 5 μL.min -1 for optimal detection of ions.

Another issue is related to the nature of modifier, particularly that exhibit high cation affinity leading to ion suppression. This phenomenon was observed with acetone and ethylacetate used as modifiers for separation of lithium and also sodium complexes.

In Figure III.9, mass spectra were recorded upon addition of both modifiers for methylmalonic, glutaric and adipic acids complexed with sodium cation. Only adipic acid was observed at very low intensity. Complexes corresponding to [modifier+Na] +

were thus found to be highly intense on recorded mass spectra. Cation could thus be transferred to acetone and ethyl acetate that have higher affinity to cation than organic acids. 

III.5. Lessons from unwanted modifiers

The issue of the unwanted modifiers in the carrier gas with ESI solvent was recently discussed in the literature. 20 First the effect of addition of different modifiers on CV position was evaluated for protonated quinoline molecules. Three modifier molecules were added individually, and it was found that the CV shifts were the largest with acetonitrile, then with isopropanol, and finally CV shifts were found to be very small using water. Second, binary mixtures of molecules were used as modifiers. Dispersion plots were recorded, and it was found that DMS behavior using a binary mixture is essentially that observed with the molecule corresponding to the largest negative CV shift.

The example of water and isopropanol effect on ion behavior is discussed (Figure water (dark blue curve), and to Type A with isopropanol (red curve). This shows that stronger clustering occurs with isopropanol than with water. When a mixture of both isopropanol and water was added as modifier in the carrier gas, CV are shifted towards values obtained with only isopropanol as modifier. In addition, another experiment was performed using isopropanol added at the same flow (flow 2) as that in the mixture. The resulting trend is nearly identical to the dispersion plot recorded upon addition of modifiers mixture. This suggests that ions preferentially bind to isopropanol in modifier mixture, that is found to be a strongly binding modifier gas. When water is added as modifier, CV shift would be influenced by isopropanol with which ions have the strongest interaction. Based on Hopkins group findings, 20 one can conclude that ESI solvents are completely evaporated before entering the DMS cell.

In our case, contamination of dry gas with ESI solvents was demonstrated when addition of helium gas was attempted. Addition of He to N2 carrier gas is known to have a positive effect on DMS resolution. [21][22][23] Ion-helium interaction is weak, and as a result, hard sphere collision regime is expected, and positive CV shifts are observed.

According to the literature, the key factor with helium addition is that narrower peaks relative to N2 only used as a carrier gas are observed. 13 Effect of He on organic acid isomers separation was thus investigated.

DMS spectra were recorded with only N2 (N2/He 100:0) and N2/He (92:8) mixture. The percentage ratio of N2/He mixture was found at 92:8 providing a compromise between ion signal and DMS separation. N2 flow corresponds to 2.4 L.min -1 . Table III.1 lists the CV values and full width at half maximum (FWHM) of peaks obtained under these conditions for the three pairs of organic acid isomers cationized with Li + . When helium is mixed into the N2 carrier gas, CV values are shifted towards more positive values than those with N2 only. As expected, upon addition of He, peak width is found smaller, particularly for glutaric, methylsucinic and methylglutaric acids whose FWHM is found to be reduced by ~0.5 V (Table III.1). Nevertheless, addition of He does not significantly improve isomer resolution. The best Rpp values is found for MMA and SA which corresponds to ~0.7 and ~0.5 with N2 only and N2/He, respectively.

CV values of our target pairs of isomers using N2 at a 2.4 L.min -1 flow rate called our attention. While CV value should not depend on the gas flow rate, a negative shift was observed going from 5 to 2.4 L.min -1 using N2 only. As discussed above, such negative CV shift trend is typically observed when a polar modifier is added into the carrier gas.

We thus wondered whether the carrier gas was made of 'N2 only' when the N2 flow rate was restricted to 2.4 L.min -1 ?

As discussed in Chapter II, the default DMS carrier gas is N2, which is provided by the commercially available desolvating N2 gas line. An advantage is that both flow rate and temperature can be easily controlled using the Bruker software. As under simple ESI conditions, part of this N2 gas flow escapes through the hole of the spray shield N2/He (100:0) N2/He (92/8) and allows for ion desolvation. Under the influence of pumping system, however, part of this N2 gas is pumped through the glass capillary transfer. This corresponding gas flow acts as DMS carrier gas.

[M+Li] + m/z CV (V) FWHM (V) CV (V) FWHM (V) Methylmalonic 125 -7
Position of the ESI needle with respect to the entrance of DMS device was carefully optimized when our home-built source chamber was first installed. When the needle was too close, negative CV shifts were observed. These could be simply interpreted as resulting from ESI solvents mixing with N2 in the DMS carrier gas. Similarly, when the N2 flow rate is too low, i.e. 2.4 L.min -1 , it can be assumed that ESI solvents mix into the DMS carrier gas. This hypothesis was challenged using an increase amount of ESI solvents as modifier added into N2 as carrier gas. In practice, since negative CV shifts are larger using methanol than water, 14 In this figure, three DMS spectra are reported. Two using "only N2" as carrier gas, at flow rates of 5 and 2.4 L.min -1 , in panel (a) and (b), respectively. In panel (c), DMS spectra recorded when adding methanol at a liquid flow rate of 2 μL.min -1 into the N2 gas line at a flow rate of 5 L.min -1 is given. As expected, a negative CV shift is observed upon addition of methanol in the DMS carrier gas, as can be seen in panels (a) and (c).

Interestingly, peak positions observed upon addition of methanol are quite similar to those observed with a low flow rate, 2.4 L.min -1 , using "N2 only". These observations thus support the hypothesis that part of the ESI solvent (methanol:water) mixes into the carrier gas when the N2 gas flow is too low. As a matter of fact, when increasing the drying gas flow, it was found that a flow rate value of 6.5 L.min -1 was required to reach the asymptotic CV value using "N2 only". 

III.6. Cationization of organic acids in plasma

Cationization of organic acids was successfully achieved with lithium cation added to methanol:water solutions using 1:10 ratio (OA:Li + ). In fact, plasma is naturally rich in sodium cation at high physiological concentration ~142 mmol.L -1 . In Figure III.12a, plasma was 50-fold diluted so as concentration of sodium is found ~3-fold higher than that of Li + cation, which could explain the abundance of sodiated OAs. However, plasma was 100-fold diluted leading to Na + concentration on the order of Li + concentration. Even though, sodiated complexes remain the most abundant species on mass spectra (Figure III.12b).

Hence, sodium cation present in plasma could be useful for two purposes.

Cationization of OAs with sodium occurs without sacrificing time for salt addition during sample preparation. It is important to stress that one issue of the use of lithium is that DMS and/or the capillary had to be cleaned regularly (and often!). Cationization with sodium could also provide better mobility resolution of isomeric metabolites than that of lithium cation. 5 As found in literature, the best DMS separation was obtained with sodium cation for isomeric saccharides cationized with Li + , Na + and K + .

III.7. Summary

In summary, a careful optimization is required before DMS-MS analysis. Cationization of organic acids is used as a means to generate positively charged ions. The effect of modifiers on DMS selectivity is detailed. Isopropanol greatly improves separation of isomeric organic acids. Modifier properties such as high cation affinity can lead to ion suppression. Two crucial issues are discussed in this chapter: post-DMS fragmentation of dimers and potential contamination of DMS carrier gas by ESI solvent molecules.

Such issues should be taken with great care when using DMS coupled to MS. Both ion signal intensity and peak position can be significantly influenced so that optimization allows to avoid misinterpretation of peaks on DMS spectra.

Chapitre IV -Separation, identification and quantification of organic acids in plasma Our ultimate goal is to provide a proof of concept for a simple and fast analysis of organic acids (OAs) in plasma using a new differential mobility spectrometry-mass spectrometry (DMS-MS) approach. In this perspective, we first focused on quantification of MMA, a specific biomarker of methylmalonic acidemia. This chapter discusses DMS-MS analysis from fundamental understanding of DMS behavior of OA isomers to developing a robust method for separation, identification and quantification of targeted biomarker. DMS-MS performance is evaluated using methanol:water solution and plasma samples. Based on high reproducibility and stability of DMS measurements, calibration results are presented for selected OAs.

Finally, evaluation of a multi-class analysis of endogenous OAs and amino acids (AAs) as found in a pool of plasma is also presented. Amino and organic acids are connected within a network of metabolic pathways. Multi-class DMS-MS analysis could thus be of interest as a fast approach for providing a global view of the clinical status of patients.

IV.1. Lessons learned from DMS behavior of isomeric organic acids

IV.1.1. Organic acids isomers as sodium complexes

Isomeric organic acids complexed with sodium cation are our analytical targets. Three isomeric pairs of organic acids are studied (Table IV.1): succinic and methylmalonic acids (MMA) (Pair 1), glutaric and methylsuccinic acids (Pair 2) and adipic and methylglutaric acids (Pair 3). Structural information is reported in Table IV.1. Each pair is made of a linear and a branched dicarboxylic acid with carbon number of 4, 5 or 6, respectively. Each OA isomer pair is characterized by its corresponding m/z value of

[M+Na] + complex: m/z 141 for succinic and methylmalonic acids, m/z 155 for glutaric and methylsuccinic acids and m/z 169 for adipic and methylglutaric acids. Structure of sodium complexes formed with small molecules such as dicarboxylic acids has been the subject of numerous studies. 1,2 Sodium cation is likely bound to the two atoms of oxygen of carbonyl groups, through electrostatic and charge transfer interactions. This would lead to the formation of a six-membered ring with MMA and seven-membered ring with succinic and methylsuccinic acids. Eight-membered rings are formed with glutaric and methylglutaric acids, while the largest cycle of 9 members would be formed with adipic acid. Assuming that all ions preferentially adopt such a ring structure, we initially thought that it could be a key parameter for understanding CV shift effect. Ring size is thus given in Table IV.1

IV.1.2. Effect of structural properties on DMS behavior

DMS behavior of isomeric organic acids reveals the influence of structural properties of ions to potential interactions with carrier gas molecules. DMS spectra of isomers complexed with sodium cation in methanol:water solution are recorded using N2 as carrier gas and a DV value of 1800 V, i.e. our standard conditions. Values of dry gas flow and temperature were fixed at 6.5 L.min -1 and 220 ℃, respectively, which were As can be seen in this Figure, a single peak is observed for each combination of cation and OA, suggesting that a single conformation is formed. The conformation of heavier ions may be difficult to predict. In the case of the ions associated with MMA and its isomer, this observation could be, however, consistent with the formation of a cyclic isomer alone.

Each pair of isomers is partially resolved under our standard DMS conditions. The best separation is observed for the lightest isomers at m/z 141. The second general observation is that CV values get more positive when the m/z ratio increases from 141

to 169. Experimental data shows that differential mobility coefficient is influenced by mass and charge of ions. 3,4 Heavy ions exhibit weak interactions with carrier gas molecules so that they are transmitted at more positive CV values than ions with low mass.

A clear structural trend can be observed in DMS spectra (Figure IV.1). Sodiated complex formed with linear OAs (succinic, glutaric and adipic) are transmitted at more negative CV value than its corresponding isomer formed with branched OAs (MMA, methylsuccinic and methylglutaric). It could be argued that the methyl moiety of branched OAs could lead to charge shielding in the branched complex, preventing from strong ion-molecule interaction. Systematic studies have explored the relationship between DMS behavior and structural properties of ions. 3,5 Steric effect was found to play a critical role on ion-molecule interaction, as demonstrated with tetraalkylmmonium cations and quinoline derivatives described in Chapter I. Assuming a ring size conformation, and considering the remote position of the methyl substituent group with respect to the electric charge, however, such direct steric effect seems unlikely.

We initially thought that ion-molecule interaction, and thus CV values, would be intimately correlated with the size of rings. More specifically, as observed in organic chemistry, 5-or 6-membered rings are the most favorable because they are associated with the strongest intra cyclic bonds. If the two intra cyclic bonds formed between Na + and the carbonyl groups are strong, it can be expected that the binding of an additional (polar) molecule used as a modifier would be small. This effect is likely to decrease with cycle size.

This reasoning seems consistent with the observed evolution of isomer separation as a function of m/z value. The best resolution is observed for MMA and its isomer, while nearly no separation is observed for heavier isomers. Assuming a ring structure with Na + bound to the two carbonyl oxygen atoms, the most favorable [MMA+Na] + structure is six-membered ring, while a less favorable seven-membered ring structure would be formed for succinic isomer. It can thus be expected that bonding of Na + with carrier gas molecules is weaker for the former than for the latter, which is consistent with the relative position of their DMS peaks.

Always in the hypothesis of a cyclic structure, ion with the largest m/z value corresponding to a branched OA, is found at the most positive CV value. For example, both succinic and methylsuccinic acids form seven-membered ring with Na + . The former m/z 141 ion is found at -3.9 V and the latter (m/z 155) at -2.6 V. A similar positive CV shift is observed for eight-membered ring structures from glutaric acid (CV = -3.0 V) to methylglutaric acid (CV = -1.9 V). Thus, steric effect of methyl moiety can also modulate DMS behavior of cycles formed between OA and Na + .

IV.2. DMS separation: attempts for improvement

IV.2.1. Effect of dispersion voltage

In order to probe dispersion voltage (DV) effect on DMS separation of isomers, DMS spectra were recorded at DV values ranging from 1200 V to 2000 V for organic acids diluted in methanol:water solution. Dry gas flow and temperature were fixed at 6. The use of sodium cation leads to a good DMS separation of isomeric organic acids. A comparison between dispersion plots recorded for sodiated and lithiated complexes of organic acids allows for three observations. First, dispersion plots reveal different ion behaviors. Sodiated complexes behave as Type A (i.e., decreasing CV with DV), which is associated to clustering/declustering cycles. In contrast, lithiated complexes were found to behave as Type B. These observations can be simply interpreted considering the availability of the alkali charge center for bond formation with dinitrogen. Based on literature data, 2,6 bonding of a carbonyl oxygen is much stronger to Li + (55.0 kJ.mol -1 ) than to Na + (31.8 kJ.mol -1 ). As a result, assuming a ring structure upon formation of two M + -carbonyl bonds, Li + would be less available to clustering with carrier gas molecules than Na + .

Second, dispersion plots also show that CV spread of lithium complexes is larger than that observed with sodium cation. For instance, PC with Li + was 4.7 at a DV value of 1800 V, whereas PC with Na + was found to be 1.8. Finally, isomer resolution is improved with sodium cation. Isomers are separated with sodium even at low DV values, as observed at 1200 V. Adipic and methylglutaric acids are unresolved with Li + , but become separated with Na + . Sodium cation thus seems an appropriate alternative to lithium cation for separation of isomeric organic acids.

IV.2.2. Effect of polar modifier

Modifier addition such as methanol was investigated in order to improve isomer separation. Methanol was added at a flow rate of 2 µL.min -1 , which corresponds to ~0.02% of methanol vapor added to N2 dry gas fixed at 6.5 L.min - Considering these findings, the best DMS performance of was achieved using only N2

as carrier gas and a DV value of 1800 V. value for our three organic acids is found in the 3-8 µM range in plasma (Table IV.6).

The detection limit is very similar to that obtained for amino acids, i.e. on the order of 1 µM in the analyzed plasma sample, using our quadrupole ion trap. 9 LOQ values were estimated at 10.0, 20.2, and 23.8 µM for MMA, glutaric and adipic acids, respectively. Based on MMA linear range and LOQ value, methylmalonic acidemia situations can be covered with our method. Plasma samples containing higher than 2500 µM of MMA are thus simply diluted to a concentration in the calibration range. LOD value found for glutaric acid is 6.7 µM, which is slightly higher than physiological levels (0-1.8 µM). 17 Adipic is as well detected at 8.0 µM which is in the same order of magnitude of other organic acids. High concentration of adipic acid may depend on nutritional state of patients.

Table IV.6: Mean values of limit of detection (LOD) and quantification (LOQ) in μM derived using linear regression method for analytes. 18 On the other hand, OAs should be ideally quantified at physiological levels. Preliminary experiments were carried out using samples spiked with OAs at concentrations below 5 µM in plasma. Organic acids were however not sufficiently detected due to intrinsic limitation of our instrument in terms of sensitivity and linear dynamic range.

As a final note, relatively good linearity was also found when concentration range was expanded from 2.5 to 5000 and also 50000 µM in preliminary assays, although with larger SD values at high concentrations. This low precision could be instrument dependent. Using QIT, a high concentration of analytes causes space charge effects 

IV.4.2. Assessment of intra-and inter-day precision

Intra-and inter-day precisions of our protocol of quantification are investigated at two calibration levels, 20 and 50 µM after plasma dilution, which corresponds to 1000 and 2500 µM in plasma. Control solutions were prepared in two different plasma samples noted P1 and P6. Good intra-day and inter-day precision are observed when relative standard deviation values are lower than 4% and 8%, respectively.

Intra-day or intra-assay precision was evaluated for 6 replicates of each sample analyzed on one day (n = 6 in Table IV Inter-day precision is also found acceptable (Table IV It could have been expected that using non-specific internal standard for glutaric and adipic acids would result in high variance of their concentration. However, good reproducibility was obtained for adipic and glutaric acids when MMA-d3 is used as reference compound. In order to improve reproducibility, specific internal standards could be used for glutaric and adipic acids in further experiments. Overall, the coefficient of variation (RSD) met requirements for repeatable and reproducible analysis. µM in collected plasmas. Since samples are analyzed anonymously, we do not have information about patient status prior to blood sample nor plasma composition. As a result, concentration of glutaric and adipic acids in one sample could be higher than regular endogenous MMA concentration in samples. Second, high endogenous amounts of both organic acids can result from long fasting period. 19 Fasting induces beta-oxidation of fatty acids to produce energy, leading to increased levels of adipic and glutaric acids in plasma. In such situation, MMA level is not affected.

IV.4.3. Assessment of matrix effect on analyte concentration

Relative standard deviation (RSD) values were also calculated for each sample analyzed in duplicate. As can be seen in Table IV.9, RSD values of the three OAs are acceptable.

The maximum RSD values are 5.6% and 5.1% for MMA in P2 and adipic acid in P6, respectively. These findings suggest that one replicate can provide sufficient results

for quantification of organic acids in plasma.

IV.4.4. Added value of DMS-MS for MMA quantification

From the above discussion it can be concluded that quantification of MMA can be successfully achieved using DMS-MS protocol for diagnosis of methylmalonic acidemia (MMA >100 µM in plasma). The key advantage is that our proposed protocol is simple and fast. These are important assets in the context of clinical diagnosis and therapeutic follow-up. MMA analysis is routinely achieved using conventional methods based on GC-or LC-coupled to a triple quadrupole mass spectrometer. A comparison between protocols is presented in this section.

Starting with sample preparation, our protocol requires a single step for deproteinization of plasma sample with sulfosalicylic acid. Our simple sample preparation helps to minimize errors and loss of analytes. The use of sulfosalicylic acid can provide good robustness of ion separation together and minimal matrix effect, as found using LC-MS for quantification of amino acids in plasma. 20 Since sodium is already present in plasma, addition of salt or other ionizing agents is not needed.

Hence, our sample preparation is easy and fast which is clearly the benefit.

Conventional methods require complicated and time-consuming procedure. [21][22][23] Several steps of extraction (liquid-liquid or solid-phase) and subsequent derivatization reaction need around 2 hours prior to chromatographic separation. Pretreatment is also custom-made in laboratories. Different protocols are proposed using different materials for extraction 21,23 and different reagents for derivatization 24,25 such as silylation and butylation. Thus, the quality of MMA analysis may be affected in terms recovery and limit of detection. Instead, one protocol based on DMS-MS is suitable for MMA analysis and other organic acids without extraction and derivatization.

The overall time required for DMS-MS analysis based on a full-scan is less than 3 min.

Analysis time can be significantly shortened to ~seconds in selective mode, i.e when DMS-MS is only performed at a fixed CV value corresponding to maximum transmission of biomarkers. The above discussion suggests that the stability of CV value associated to MMA should be sufficient for this purpose. Subsequent quantification of these biomarkers can be achieved by recording mass spectra of DMSselected ions only at identified CV values. DMS analysis becomes indeed faster than GC (30-60 min) and also LC separation that can take ~1 min. 22 Hence, DMS-MS allows for fast targeted quantification.

Performance characteristics of our quantification approach differs from conventional methods. Linear range of our method is found between 5 and 2500 µM in plasma, and linearity near physiological levels is still required. Intra-and inter-day precision are however found satisfactory for measurement of high concentrations in plasma.

Sensitivity of both methods is not comparable. LOD value obtained with our method, in particular for MMA, is higher than that that found in literature. 22,23 The lack of sensitivity found with our method can be likely due to intrinsic limitations of our mass instrument. The lowest limit of detection found with our instrument is 0.1 µM in calibration sample, i.e. 5 µM in plasma. Quantification of OAs at physiological levels in plasma (MMA < 0.4 µM) was demonstrated using a triple quadrupole mass spectrometer. 22,23 Although, it has been demonstrated that both ion trap and triple quadrupole instruments have been effectively used for qualitative and quantitative analyses of small molecules. 27,28 For target compound identification, a triple quadrupole is often the ideal choice for sensitive measurement. 26 On the other hand, DMS-QIT quantification of underivatized species seems not sensitive as for derivatized MMA, and OAs in general, using conventional methods.

LOD value lower than 0.4 µM was obtained for derivatized MMA using a triple quadrupole mass spectrometer. Derivatization is typically used to improve sensitivity and detection using conventional methods. 29,30 Sample preparation could thus be a crucial factor on the basis of sensitivity differences between our method and conventional ones. Using solid-phase extraction in order to increase OA concentration in biological samples could be also investigated, which should lower LOD values. Since our objective is simple and fast sample preparation, additional steps would increase the time needed for sample preparation.

It will be thus useful to improve our sample treatment without adding steps to our protocol. For instance, protein precipitation reagent such as methanol may help to reduce matrix effect more than sulfosalicylic acid. Note that trials have been carried out to improve sensitivity of underivatized OAs with our method. As such, increasing dilution factor of plasma and addition of sodium using physiological serum to improve ionization of OAs. However, LOD values were not significantly enhance (14-21 µM).

Quantification of underivatized MMA with DMS hyphenated to a triple quadrupole mass spectrometer is a part of our future work.

It is also important to consider other factors that could affect sensitivity of MS instrument. Sensitivity strongly depends on ionization mode. 31 Without derivatization, organic acids are generally analyzed in negative ion mode using LC-MS/MS, 7,32,33 since organic acids are easily deprotonated. High ion signal is expected to be obtained for deprotonated ions, leading to higher limit of detection in negative than in positive ion mode. Nevertheless, detection is found more sensitive in positive mode relative to negative mode with electrospray source, using a triple quadrupole in clinical field. 34 Quantification of organic acids in negative ionization mode using our QIT is one of the perspectives of this project.

It should also be added that deprotonated OAs were found to behave as hard sphere upon collisions with N2. Upon modifier addition, no significant trend towards isomer resolution was expected in preliminary assays. Positive ionization was thus preferred for DMS-MS analysis of OAs, which is also the ionization mode used for amino acids, thus opening the way towards a single multi-class analysis of OAs and AAs.

As discussed in Chapter III, high dispersion voltage value applied for DMS analysis is generally at the expense of ion signal of analytes. The effect of DV on sensitivity was discussed in the literature. Significant decrease in sensitivity was observed at high DV values. 35,36 DMS-MS experiments performed at low DV value such as 1200 V can improve ion signal of MMA without affecting its separation from its isomer, succinic acid. Our optimized DV value is, however, set at 1800 V leading to ion signal in the order of magnitude as that observed at 1200 V. High DV value is also important to spread ions over wide range of CV values, which is required for multi-class metabolites analysis.

IV.5. Multi-class calibration in plasma samples

The idea of multi-class calibration consists of simultaneous analysis of organic acids and amino acids within a plasma sample in a single run. In the present case, DMS-MS conditions optimized for OAs were used. A representative set of amino acids (AAs) was selected for multi-class calibration including alanine (Ala), valine (Val), leucine (Leu), methionine (Met), phenylalanine (Phe) and arginine (Arg). 

IV.5.1. Influence of amino acids on organic acids ionization and calibration

Simultaneous detection of OAs and AAs in plasma using DMS-MS is illustrated in It was found that the presence of amino acids and formic acid does not strongly interfere with ionization and detection of organic acids. In particular, formic acid has no significant effect on ionization of OAs. As mentioned above, DMS-MS conditions were those optimized for OAs. Regarding sample preparation, formic acids was added to water:methanol solvent mixture in the present case. As illustrated in mass spectra in Calibration of OAs in presence of AAs in plasma are consistent with those obtained for OAs only (Table IV Calibration curves obtained were fitted to a linear equation (R 2 ≥ 0.9). In the case of alanine, a similar linear profile has already been obtained in our group for quantification of amino acids at pathological levels. 9 Quantification of the lightest amino acids, such as glycine and alanine, was difficult due to low DMS transmission and low MS sensitivity, at the same time, thus leading to poor DMS peak shape definition. 
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IV.5.3. DMS-MS: towards a multi-class metabolites analysis method

DMS-MS could be a promising multi-class metabolite analysis method. Based on our results, the critical advantage of DMS is that organic and amino acids found in a plasma sample can be simultaneously detected using the same DMS device and under identical experimental conditions. The subject of multi-class analysis using DMS-MS has been addressed in a recent work. 37 patients. In literature, different multi-class protocols have been proposed for simultaneous quantification of organic acids and amino acids. More than 20 AAs and 30 OAs found in plasma were first analyzed using capillary GC method. 38 GC-MS based protocols were later developed for combined measurement of OAs and AAs in plasma and urine to improve diagnosis of metabolic disorders. [39][40][41] However, all GC-based protocols require tedious and time-consuming analytical workflow. DMS-MS based protocol is simple and fast which is suitable for clinical practice, as demonstrated in the present study and previous ones. 9,35 In clinical field, multi-class analysis is also a challenging task. Countless in-house protocols are currently applied in laboratories of diagnosis and multiple techniques are needed to characterize different classes of metabolites. 42,43 For instance, for diagnosis of one sample in emergency, GC-MS is applied for analysis of OAs in urine, whereas LC-MS/MS is used for analysis of AAs and few OAs (e.g. MMA) in plasma. Each technique has a protocol for preparation and treatment, depending on biological sample and metabolites. The overall analysis is tedious and time-consuming ~5 hours per sample. Imagine the time needed for at least 3 samples per day! DMS-MS protocol can thus be a valuable alternative for fast analysis of both classes of metabolites found one sample in a single analytical run.

Future studies will focus on extending metabolite classes, such as acylcarnitine that can also be found in plasma and many compounds are considered biomarkers of metabolic disorders. Multi-class analysis will also be explored in urine, where different classes of metabolites including organic acids can be used for diagnosis of interest.

IV.6. Summary

To the best of our knowledge, this is the first report of a simple and fast analysis of organic acids in plasma using DMS-QIT for diagnosis of organic acidemias, particularly, methylmalonic acidemia. A DMS-MS protocol is developed for more practical clinical procedure. Sodium complexation of organic acids occurs directly in plasma with no need for derivatization. DMS isomer separation is achieved under our standard conditions, using only N2 as a carrier gas, and DV value fixed at 1800 V. Full resolution of isomeric organic acids is still required.

In particular, CV values are determined for each metabolite in plasma. CV is found to be reproducible over a large period of time (4 months), and thus fast identification of metabolites/biomarkers can thus be achieved in plasma. It can thus be concluded that CV value can be used as an additional parameter in the context of metabolite identification.

Analysis time can be significantly reduced with DMS compared to conventional methods based on chromatography coupled to mass spectrometry. A full CV scan can be performed within ∼3 minutes. Furthermore, a full CV scan is no longer needed once the CV values are known for metabolites. CV can be tuned for maximum transmission of a target, and subsequently a single MS acquisition is achieved. For instance, a metabolite of interest, such as MMA, can be selected using DMS set at a specific CV value of -2.9 V. This fixed CV value allows for fast identification on the order of seconds.

Under optimal conditions, robust and reliable data are obtained for quantification of organic acids at pathological levels. Experiments for assessment of linearity, precision and matrix effect at physiological levels of OAs will be carried out to provide valuable input for OAs quantification. Multi-class analysis is also performed with our DMS-MS instrument. Our proposed protocol is used for quantification of amino acids present This section aims to address conclusions on the use of differential mobility spectrometry hyphenated to mass spectrometry (DMS-MS) in the frame of targeted metabolomics for clinical purpose, and also to summarize practical issues associated with DMS-MS as well as fundamental questions still to be answered.

DMS-MS would be a useful alternative or complementary method for clinical diagnosis.

In Separation based on DMS would be indeed well-suited for clinical practice. First, it could be installed at very low cost on current diagnostic platforms. A technical advantage is that DMS does not require complicated vacuum nor drift tube equipment. It is a small device which can be easily implemented in the ion source of a mass spectrometer and DMS operation is also simple. Another important asset of DMS is that a single device used with standard settings (N2 gas as a carrier gas, maximum DV voltage) is adapted for all classes of metabolites, which can be analyzed under negative and positive ionization mode.

Finally, as demonstrated in recent literature, 1 DMS can also be coupled to LC-MS/MS for separation of co-eluted isomers in a single run, and would not affect analysis time.

|Chapter V 133 Second, DMS enables fast and accurate identification of metabolites. More precisely, DMS allows to target the specific biomarker of a metabolic disorder, i.e. methylmalonic acid for methylmalonic academia. Data acquisition can be significantly, and thus storage and analysis can be significantly simplified compared to current methods. Used in specific cases such as methylmalonic academia, DMS could avoid the use of complementary second tier analysis, as it is often the case for routine diagnosis. More precisely, as shown in this thesis, the reduction of data acquisition relies on the fact that compensation voltage (CV) values of organic acids were found to be very stable over a large period of time. CV can thus be fixed to the specific value and DMS can be used as an ion-filter. As a result, only mass spectra associated with CV values specific of targeted biomarkers are recorded.

Importantly, if the same DMS device is hyphenated to our FT-ICR or QIT mass spectrometers, the very same CV values specific of targeted biomarkers were observed.

The same device will be soon coupled to a triple quadrupole mass spectrometer in our laboratory. The consistency of the results obtained with DMS coupled with different MS/MS instruments should increase confidence in this new method, and contribute to CV values being considered as an identifier. These results are particularly interesting in the perspective of high throughput analysis of a large set of samples for clinical analysis of a set of targeted metabolites. Further gains in terms of performance, and particularly for isomer separation and quantification, are expected, and multiple practical aspects associated with our DMS-MS system should be improved. In the present study, cationization using sodium cation is found valuable for isomer separation of organic acids. Since sodium is naturally occurring in plasma, it facilitates sample preparation without salt addition. Isomer separation was found optimal using our standard DMS conditions (N2 only as carrier gas and DV value of 1800 V). Nevertheless, addition of modifier to the carrier gas is undoubtedly the approach of choice for improving isomer resolution. Full resolution of isomeric organic acids was not achieved using isopropanol nor methanol. Further experiments should be able to contribute to lift technical barriers for investigating separation and quantification of different molecules using various modifiers at various flows.

The other side of the coin is that one might be careful with unwanted modifiers since DMS is very sensitive to the composition of carrier gas. In Chapter 4, it was illustrated that ESI solvents can pass through DMS and play the role of modifiers. Dry gas flow should be high enough, and ESI needle position should be optimized to avoid contamination of carrier gas with solvents. We also experienced difficulties with our dinitrogen generator, for example, and CV shifts observed were found to be the signature of impurities, may be also water vapors, contained in the N2 line. A planned maintenance can effectively mitigate against these unwanted effects.
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It is important to note that a very small volume of modifiers can considerably improve DMS separation. This is an important asset of DMS-MS/MS compared to LC-MS/MS, which requires handling of large volume of solvents, often toxic and difficult to recycle.

On the other hand, prediction of modifier effect is very difficult. The CV peak ordering of two ions can change from using methanol to isopropanol, for example. As a result, an a priori assignment of DMS peaks is a key challenge. CV value and/or CV shifts cannot be quantitatively correlated to ion structure, due to a lack of knowledge about ion mobility under high electric fields. Recently, literature report suggests that collision cross section can be measured from DMS data using a machine learning-based calibration. 2 Peak identification is still, however, required.

In the course of this PhD, only DMS-MS experiments were performed, but our two setups can be used for DMS-MS/MS. In particular, collision induced dissociation (CID) or infrared multiple photon dissociation (IRMPD) can be used to improve identification in general. The use of IRMPD for DMS peak assignment has been demonstrated in the frame of studies of separation of isomeric metabolites such as sarcosine and its alanine isomers, and also aminobutyric acids. 3,4 When two isomeric metabolites present similar fragmentation patterns, they can in principle be distinguished using IRMPD at specific laser wavelengths which will be absorbed by one isomer and not the others.

Combined experimental and theoretical results are usually presented in literature 5,6 to provide a better understanding of ion-molecule clusters in DMS environments.

Computational methods can help to identify structures of complexes involved in ionmolecule clustering. Calculated modifier-ion binding energies were found to be consistent with trends observed for dispersion plots of series of isomeric molecules.
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Recent ion mobility instruments based on structures for lossless ion manipulations ion mobility (SLIM) 7,8 open the door to very high resolution and high sensitivity. SLIM method allows for a significant improvement isomer resolution by increasing the ion path length in the mobility device. 9, 10 Importantly, SLIM separation is based on lossless fashion since ions are not neutralized on the electrodes. SLIM thus seems attractive for a sensitive detection and quantification of metabolites in biological fluids.
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 1 MMA is an intermediate metabolite in the breakdown of valine, isoleucine, methionine and threonine, and also in the oxidation of odd chain carbon fatty acids. This mitochondrial pathway starts with production of propionyl-CoA that is successively converted to Dand L-methylmalonyl-CoA, through enzymatic reactions. MMA is produced from Dmethylmalonyl-CoA by removing the coenzyme A moiety. Methylmalonyl-CoA mutase catalyzes cobalamin-dependent conversion of L-methylmalonyl-CoA to succinyl-CoA that enters into the tricarboxylic acid cycle (TCA cycle). MMA and metabolites, which are generated upstream this enzyme blockage, are thus accumulated, particularly in plasma and urine.Increased MMA concentration in biological fluids reflects defect of either of MCM itself or defect of transformation of vitamin B12 into adenosylcobalamin, its active form.8 Physiological concentration of MMA is found <0.4 µM in plasma or <4.0 mmol/mol of creatinine in urine. Vitamin B12 deficiency, due to insufficient intake or absorption defects, leads to slight increase of MMA levels. In the case of MCM deficiency, a massive increase of MMA levels, however, occurs in plasma and urine. MMA concentration is thus 100-fold higher than physiological concentration. Since metabolic changes can appear before clinical symptoms, early detection and quantification of MMA are the cornerstone of an early diagnosis.
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 1 Figure 1: Biochemical pathway of propionate. In the case of methylmalonyl-CoA mutase (MCM) deficiency, metabolites upstream the blockage are accumulated leading to an increase in methylmalonic acid (MMA) in biological fluids.

Figure 2 :

 2 Figure 2: Illustration of sample treatment prior to GC-MS analysis.

  Time-dispersive methods generate an arrival time spectrum with all ions drifting along a similar path. Ions are separated based on their drift time needed to traverse a pressurized IMS cell, i.e. Drift tube IMS (DT-IMS) and travelling wave IMS (TWIMS). Space-dispersive methods allow for separation of ions along different drift paths based on differences in their ion mobility. These methods include differential mobility spectrometry (DMS), also known as field asymmetric waveform ion mobility spectrometry (FAIMS). A DMS spectrum is recorded as a function of a direct current (DC) voltage called compensation voltage (CV), which can be adjusted to specifically transmit ions. A review article by B. Schneider in 2015 covers in depth all

Figure 3 :

 3 Figure 3: DMS selection of isomeric metabolites at specific values of compensation voltage (CV).
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 4 Figure 4: Illustration of identification of two isomeric metabolites using conventional techniques based on LC or GC-MS/MS and DMS-MS/MS.
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 1 Origins and evolutions of DMS Some milestones associated with the evolution of differential mobility spectrometry (DMS) over the years are given in Figure I.1. A more complete general picture can be found in Reference 1. 1 The original concept of DMS device is found in Soviet Union research in the 1980s. 2 At that time, DMS device equipped with a simple ion source was used for the detection of traces of chemicals such as explosives. The development of this technology continued in different directions. While standalone DMS is still used nowadays, DMS becomes even more powerful in combination with other analytical methods such as tandem mass spectrometry (MS).

3 , 4

 34 DMShyphenated to MS was first published in the literature in 1993.5 DMS device was coupled to a quadrupole mass spectrometer with atmospheric ionization source for measurement of atmospheric contaminants. Since that time, DMS has evolved considerably into an inexpensive but powerful analytical tool for the separation and characterization of gas phase ions. More than 45 000 papers have been published in the field of DMS since 1995 (source: SciFinder 2021, date of information gathering: September 2021).
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 110221 Figure I.1: Important milestones associated with the evolution of differential mobility spectrometry (DMS) technology.

  have different transverse displacements under the RF electric field, as shown in Figure I.2a. The resulting ion displacement per cycle can be written as: 𝐾 𝐻𝐹 × 𝐸 𝐻𝐹 × 𝑡 𝐻𝐹 -𝐾 𝐿𝐹 × 𝐸 𝐿𝐹 × 𝑡 𝐿𝐹 where K, E and t are the ion mobility, electric field and time, respectively, over one period. HF and LF refer to the high and low electric field, respectively. If transverse displacements under high-and low-field compensate each other (blue ion), ions are transmitted to the MS instrument. Alternatively, green and red ions are neutralized to either one of the two electrodes. A compensation voltage (CV) is applied to one electrode compensate transverse displacements under RF. This CV is a constant and adjustable DC voltage, superimposed onto the asymmetric RF. Its purpose is to steer ions to the center axis of the gap, i.e. to compensate transverse displacement, and insure their transmission to MS. A typical CV scan mode is represented in Figure I.2: at a fixed DV value, CV is scanned typically in a range of few 10-volts to sequentially allow ions to pass through the DMS device towards the mass spectrometer. CV value for maximum ion transmission defines the peak position. A DMS spectrum, which can be also called ionogram or extracted ion chromatogram (EIC or XIC), 13 corresponds to the ion signal intensity at a given mass-to-charge ratio as a function of CV value as represented in Figure I.2b.

  Figure I.3, mobility coefficient K may itself be a function of E when high electric field is applied (>10 4 V cm -1 , >30 Td). 22 Ions may have different mobilities under the effect of high electric field, displaying various behaviors as a function of E, as illustrated in Figure I.3. The dependence of the mobility coefficient on electric field is mathematically translated as in Equation (3):

  Dispersion plots can also represent evolution of CV value as a function of E/N or DV value, as illustrated in Figure I.4., since CV is inversely related to ion mobility coefficient. 1 Type A behavior (red ion) corresponds to a mobility increase as a function of the electric field. As a result, negative CV shift is observed as DV increases. Type A behavior is generally interpreted as resulting from repetitive cycles of clustering/declustering processes between ion and the transport gas atoms or molecules under the asymmetric waveform. Clusters are ion-molecule complexes formed under the low-|Chapter I 30 field portion of the waveform. Declusterisation occurs under high electric field portion

  Figure I.5c, CV shift was more negative for 6-than for 8-substituted ions. Thus, it was

Figure I. 5 :

 5 Figure I.5: Schematic representation of dispersion pots of isomeric 2-methylquinoline derivatives. a) Structures of 6-and 8-substituted derivatives. b) Dispersion plots with only N2 carrier gas. c) Dispersion plot with water added to N2 carrier gas.31 

  Figure I.6a. Cations with symmetric and asymmetric structure have been studied. The former corresponds to identical alkyl chain (R4N + , R and R'= methyl to decyl), and the latter corresponds to three methyl groups and one alkyl chain ((R'-Me3N + ). Dispersion plots have been recorded using a variety of modifiers added to the carrier N2 gas, and general trends are provided in Figure I.6b. Using N2 only as a carrier gas,

Figure I. 6 :

 6 Figure I.6: Schematic representation of dispersion plots tetraalkylammonium cations. a) Structure of tetraalkylammonium cations. b) General shapes of dispersion plots using different modifiers added to N2 carrier gas.30 

  The results discussed above illustrate that charge accessibility can greatly control ionmolecule clustering. This conclusion is further reinforced via the separation of a series of four isomeric tetraalkyammonium cations: tetrapropylammonium (Pr4N + ), protonated tributylamine (Bu3-HN + ), protonated dihexylamine (Hx2-H2N + ) and protonated dodecylamine (Do-H3N + ). Isomers have the same molecular formula |Chapter I 35 C12H28N + , but different number of potential H-bonds between charge site and modifiers seeded in the carrier gas.

  illustrated in Figure I.7a. Typically, [M+H] + monomers are observed at negative CV values, while dimers are systematically found at positive CV value. Interestingly, PBD of different organophosphorus compounds were observed at nearly the same CV value leading to a broad peak in the positive CV region. These different PBD correspond to homo-PBD or hetero-PBD formed between two different organophosphorus compounds.

Figure I. 7 :

 7 Figure I.7: Illustration of a typical DMS spectrum displaying monomer and proton-bound dimer peaks.

  By setting the CV value of the first one to a positive CV value, DMS-selected PBD are activated and fragmented into the various [M+H] + of analytical interest. Generated [M+H] + ions are subsequently characterized using the second DMS stage. I.6. Summary This chapter focuses on fundamental and analytical aspects of DMS separation method. Development of DMS, its hyphenation to mass spectrometry and separation principle are discussed. DMS separates ions under the influence of a radiofrequency waveform applied between two parallel electrodes. As discussed, ions can exhibit different behaviors (Type A, B and C) based on ion-molecule interaction. Particular focus is placed on modifier addition to dinitrogen carrier gas to improve ion separation. Systematic studies are reported for understanding and rationalizing modifier effects on clustering. The last section provide evidence on interference of proton-bound dimer species with targeted monomers. From an analytical point of view, dimer formation and post-DMS fragmentation should be taken into consideration when using DMS for correct interpretation of spectra. Chapitre II : Material and methods II.1. DMS-MS instrument II.1.1. MS instruments Two commercial (Bruker daltonics) tandem mass spectrometers were used to perform DMS-MS/MS experiments: a 3D quadrupole ion trap mass spectrometer (QIT, ESQUIRE 3000+), which is a relatively low-resolution instrument, and a 7 T APEX-Qe hybrid Fourier Transform ion cyclotron resonance mass spectrometer (FT-ICR), which provides a high mass resolution that allows for the resolution of isobars. Both are used for optimization of experimental conditions. QIT was then used for quantification of organic acids. The different sections of both QIT and FT-ICR are schematized in Figure II.1. One finds going from left to right the ionization source up to the ion detector. Our FT-ICR instrument is a hybrid instrument featuring a so-called quadrupole-hexapole interface allowing for tandem mass spectrometry operations. Note that mass-selection and fragmentation can also be performed in the ICR cell, but these features were not used in the frame of this thesis. The two tandem mass spectrometers are equipped with an ElectroSpray ionization (ESI) source, and these two ESI sources are quite similar. Ions formed in these atmospheric pressure conditions are then transmitted towards a lower pressure region of the instrument through a glass transfer capillary (noted Cap in Figure II.1). This capillary is of high importance for the DMS operation because the flow rate as well as the nature of the gas (N2, ESI solvent, …) going through are important parameters for DMS.

Figure II. 1 :

 1 Figure II.1: Scheme of different sections our mass spectrometers QIT and FT-ICR. From left to right: ionization source (ESI), accumulation, transfer region, selection and fragmentation regions to ion detector. Abbreviation: Cap (Capillary).

  mass spectrometers. The mechanical conception of the setup is based on the model developed by Glish and co-workers.6 ESI housing is modified in order to integrate the mobility device, which requires a translation of the ESI needle in particular. For this purpose, a spacer has been added in order to fit the DMS housing. The door holding the ESI needle has been also modified so as to allow for adjustment of the position of the ESI needle relative to the DMS entrance. This parameter is critical not only for the optimization of ion signal, but also to prevent ESI solvent to mix into the DMS carrier gas.DMS assemblies are illustrated inFigure II.2. The DMS cell is integrated between the ESI emitter and the glass transfer capillary. As can be seen in this Figure, it is composed of two parallel electrodes (0.7 × 6 × 25 mm for gap height, width, and length, respectively), between which ions are transported from atmospheric pressure region to the mass spectrometer through the glass transfer capillary. DMS housing is mounted so as to fit the inlet of this capillary. Both were electrically grounded, and the high voltage required for ionization is thus applied to the ESI needle. As such, the DMS is transparent (DMS off, RF = 0 and CV = 0) and all ions are transmitted to the MS/MS instrument. DMS allows space separation of ions, and working principles can be found in a book by A. Shvartsburg textbook 7 or a review by B. Schneider. 8 In practice, an asymmetric bisinusoidal radiofrequency (RF) is applied between the electrodes (see Figure II.2). This RF creates an alternating electric field perpendicular to the direction of the carrier gas flow. This asymmetric RF is obtained by adding two sinusoidal waveforms: one at 1.7 MHz, the other at 3.4 MHz and at 50% of the amplitude of the first sinusoidal waveform. Dispersion voltage or separation voltage (DV or SV) is defined by the zeroto-peak voltage (V0p) of the waveform throughout this thesis.

Figure II. 2 :

 2 Figure II.2: DMS assemblies. a) Photo of DMS device mounted in ESI source of the FT-ICR (top), without the spray shield (bottom). b) Design of DMS assembly for the FT-ICR instrument and operation principle.

  N2 gas flow and temperature are controlled using Bruker software. As shown in Figure II.3, part of the N2 desolvation or dry gas of the ESI source (red arrows) is redirected through the DMS electrodes as a result of the pumping through the glass capillary transfer.

Figure II. 4 :

 4 Figure II.4: Photo of pumping system (CETONI) used for modifier introduction in the heated dry gas line.

  metabolic defects labeled with (*) symbol in Figure II.5 are also selected. Glutaric acid is a biomarker of glutaric acidemia type I, and adipic acid is a biomarker of mitochondrial fatty acid beta-oxidation deficiency. 11 As shown in Figure II.5, corresponding isomers of glutaric and adipic acids are methylsuccinic and methylglutaric acids, respectively, and are included in our method development. Analysis of the three isomer pairs would provide more evidence of DMS capability for isomer separation leading to an accurate identification and quantification of biomarkers.

Figure II. 5 :

 5 Figure II.5: Three pairs of isomeric organic acids. Biomarkers are labeled with (*).

  Our workflow is proposed for validation of DMS-MS method used for quantification of OAs biomarkers. It is organized in four steps, as represented in Figure II.6. Each step is described in details in this chapter. Briefly, the workflow starts with protein precipitation of plasma samples by adding sulfosalicylic acid(1). Deproteinized plasma is diluted with solvents and spiked with standards of organic acids for calibration as schematized in step (2) in Figure II.6. To demonstrate the feasibility of a multi-class metabolites analysis, standards of organic acids and amino acids are combined for preparation of multi-class calibration samples. Through the addition of isotopically enriched internal standard (IS), analysis can be undertaken in a precise manner.13 

Figure II. 6 :

 6 Figure II.6: DMS-MS workflow organized in 4 steps for separation, identification and quantification of organic acids (OAs) in plasma samples.

(II. 4 . 1 .

 41 Paris). Samples containing MMA at normal levels (<0.4 µM) were selected and analyzed anonymously. Informed consent was obtained from control patients for the use of leftover samples for analytical development. All procedures followed were in accordance with the ethical standards of French public health regulations (Code de la Santé Publique -Article L1121-3, amended by Law n ° 2011-2012, 29 Décembre 2011 -article 5).II.4. Sample preparation Precipitation of plasmaProtein precipitation is only required for pretreatment of plasma before analysis.Plasma was deproteinized by adding sulfosalicylic acid 30 % (10:1, v:v). Protein precipitate was removed by centrifugation, and supernatant was collected and stored at -20 ℃. Just before analysis, frozen plasma was thawed and diluted at a final 1/50 dilution factor in methanol:water (80:20 v:v) solution.Two stock solutions of standard organic acids were prepared. Mixture 1 includes biomarkers of interest, methylmalonic, glutaric and adipic acids. Mixture 2 contains their isomers, succinic, methylsuccinic and methylglutaric acids. Stock solution mixtures were prepared by dissolution of OAs in methanol:water (80:20, v:v) solvent, at initial concentration of 10 mM, and stored at -20 ℃ until analysis. Amino acids mixture is based on commercial solution where concentration of all components was 2.5 mM. Stock solutions of internal standards were prepared in a water MilliQ. MMA-d3 solution was prepared at 1 mM. Internal standards of amino acids were mixed at concentrations within the range of 66.7-200 µM. This solution is noted IS mixture throughout this chapter. All stock solutions were stored at -20 ℃ until analysis.

  1 V increment. A custom-built labView program (v12.0.1f5, National Instrument) was used to generate and control the applied voltages. MS data acquisition is performed with Bruker software (Bruker Daltonics) under chromatogram mode. Synchronization of the CV step change (±0.1 V) was achieved using the LabView program. DataAnalysis 3.4 software (Bruker Daltonics) was used to visualize ion chromatograms. II.7. Data analysis using RStudio Data analysis was performed using a customized RStudio software. DMS spectra are generated by plotting extracted extracted ion chromatogram (XIC) as function of CV value via RStudio (Figure II.7). RStudio is composed of three R scripts (analysis.R, checkRep.R, quantify.R) for analysis, statistics and quantification based on DMS spectra of metabolites.A detailed protocol of using RStudio is described on GitHub site.14 

Figure II. 7 :

 7 Figure II.7: Ion chromatogram (XIC) converted to DMS spectra using RStudio software.

Figure II. 8 :

 8 Figure II.8: Illustration of input files (taskTable, tagTable and quantTable) required for R scripts.

Figure II. 9

 9 Figure II.9 shows an example of analysis.R output file of methylmalonic acid ion. It is composed of two plots. On the left panel, a 2D heat map is centered on fitted DMS peak position (dotted lines) resulting from optimization of m/z_ref and CV_ref values in tagTable (solid red lines). Green area corresponds to allowed search window of CV value. Blue "circles" show 2D (m/z, CV) iso-intensity curves. Data are coded in color intensity from pale yellow to red. Corresponding CV peak profile for data integrated over m/z (green curve) is shown on the right panel. Red lines and green area have the same meaning as for 2D heat map. The best fit is presented in blue. Fitted data (CV, FWHM and Area) are provided on the plot.

Figure II. 9 :

 9 Figure II.9: Example of an output figure from analysis.R script showing the 2D location of DMS peak and its profile in CV dimension.

Figure II. 10 :

 10 Figure II.10: Example of calibration curves generated by using Quantify.R to estimate limit of detection (LOD).

Figure II. 11 :

 11 Figure II.11: Illustration of validation parameters used for our method. a) Linearity. b) Precision of intra-and inter-assay. c) Matrix effect on concentration. Abbreviation: RSD (relative standard deviation).

Figure III. 1 .

 1 Figure III.1: Mass spectrum recorded under DMS transparent mode for methylmalonic (MMA), glutaric and adipic acids ionized as lithiated complexes.

Figure III. 2

 2 Figure III.2 also illustrates another phenomenon that leads to the formation of monohydrated dimers (Figure III.2b). DMS-selected monomers are transmitted at CV value noted CVmonomer towards the mass analyzer. Hydration of monomers could occur in the quadrupole ion trap due to relatively high pressure of water in helium gas line. Both monomers and dimers could thus be detected at CVmonomer on DMS spectra.

Figure III. 2 :

 2 Figure III.2: Illustration of processes that can occur after DMS selection of dimer and monomer species. a) Post-DMS fragmentation of hydrated dimers of occurring in the transfer region of the mass spectrometer. b) Equilibrium between hydration of ions and fragmentation of monohydrated ions in the quadrupole ion trap due to traces of water in the helium line.

Figure III. 3 ,

 3 where ion intensity of [M+Li] + monomer and [M+Li+H2O] + dimer are shown in blue and red, respectively. Two peaks corresponding to each of these two ions are observed, and they are centered at two CV values: -2.0 V and +2.4 V. This observation by itself provides evidence of post-DMS chemistry since different mobility behaviors are expected for two structurally different ions.

Figure III. 3 :

 3 Figure III.3: DMS spectra of monomer [M+Li] + (blue) and the hydrated dimer [M+Li+H2O] + (red) of adipic acid (M). Data are fitted and smoothed using a rolling average over two points. Peak intensity of dimer is 20-fold scaled relative to monomer peak at CVdimer.

Figure III. 4 :

 4 Figure III.4: DMS spectrum recorded for adipic acid complexes with lithium after optimizing post-DMS fragmentation settings in transfer region. Data are fitted and smoothed using a rolling average over two points.
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 541 Figure III.5: Dispersion plots of isomeric organic acids complexed with lithium cation: methylmalonic acid (MMA, dark green diamonds), succinic acid (light green diamonds), glutaric acid (orange squares), methylsuccinic acid (yellow squares), adipic acid (dark blue circles) and methylglutaric acid (light blue circles). N2 dry gas flow is fixed at 6.5 L.min -1 and its temperature is set at 220 ℃.

Figure III. 6 ,

 6 CV values are found to decrease with increasing DV for both carrier gas composition. CV values decreases from 0 V (at 1000 V) to -3 V (at 2000V) with N2 only. As expected, isopropanol induces larger negative CV shift than N2 as a function of DV. CV values range between -1 V to -10 V from 1000 to 2000 V, respectively. As already mentioned, peak width, however, is unaffected (~ 0.8 V). The four studied isomers have identical type A behavior, but it gets more pronounced with isopropanol, which reveals stronger ion-molecule interaction.

Figure III. 6 :

 6 Figure III.6: Dispersion plot of isomeric lithiated organic acids for m/z 139 and m/z 153 recorded using only N2 carrier gas (solid line) and isopropanol added as modifier at 2 μL.min -1 (dotted line). Organic acids are glutaric acid (orange squares), methylsuccinic acid (yellow squares), adipic acid (dark blue circles) and methylglutaric acid (light blue circles). Dry gas flow and temperature are set at 5 L.min -1 and 200 ℃, respectively.

  Figure III.7: DMS spectra of isomeric lithiated organic acids for m/z 139 and m/z 153 recorded upon addition of modifiers added at 2 μL.min -1 in N2 carrier gas. a) With isopropanol. b) With methanol. Dry gas flow and temperature are set at 5 L.min -1 and 200 ℃, respectively. Organic acids are glutaric acid (orange squares), methylsuccinic acid (yellow squares), adipic acid (dark blue circles) and methylglutaric acid (light blue circles). Data are fitted and smoothed using a rolling average over two points. All individual spectra are normalized to the maximum.

Figure III. 9 :

 9 Figure III.9: Mass spectra recorded for a mixture of organic acids complexed with sodium cation upon addition of modifiers at 2 μL.min -1 in N2 carrier gas fixed at 5 L.min -1 . a) With acetone. b) With ethylacetate.

III. 10 )

 10 . Ions are generated from solutions prepared in isopropanol solvent. Dispersion plots recorded upon addition of isopropanol and water as modifiers at the same flow (flow 1) are schematized in Figure III.10. Ions behavior was associated to Type B with

Figure III. 10 :

 10 Figure III.10: Illustration of ion desolvation effect on DMS behavior based on Hopkins paper. 20 Abbreviation: iPro (isopropanol)

  only methanol was used as modifier. DMS spectra for methylmalonic and adipic acids recorded using different carrier gas flow and composition are shown in Figure III.11.

Figure III. 11 :

 11 Figure III.11: DMS spectra recorded for methylmalonic acid (MMA, dark green diamonds) and adipic acid (dark blue circles) using different carrier composition. a) With only N2 at 5 L.min -1 . b) With only N2 at 2.4 L.min -1 . c) With 2 μL.min -1 of methanol seeded in 5 L.min -1 of N2 carrier gas. Data are fitted and smoothed using a rolling average over two points. All individual spectra are normalized to the maximum.

  Li + was added to plasma samples spiked with MMA, glutaric and adipic acids at the same OA:Li + ratio. Mass spectra are shown in Figure III.12. Lithiated complexes of glutaric and adipic acids were found at very low ion signal counts but MMA complex was not detected (Figure III.12a). The most abundant species are observed for m/z 141, 155 and 169 that corresponds to sodium complexes of the three organic acids, MMA, glutaric and adipic acids, respectively.

Figure III. 12 :

 12 Figure III.12: Mass spectrum recorded for lithiated methylmalonic (MMA), gluatric and adipic acids in plasma diluted by: a) 1/50 and b) 1/100 dilution factor.

  our optimal conditions as mentioned in the previous chapter. DMS spectra are represented in Figure IV.1. Panels (a), (b), and (c) show DMS peaks of sodiated complexes with m/z 144, 155 and 169, respectively.

Figure IV. 1 :

 1 Figure IV.1: DMS spectra recorded for sodiated organic acids (OAs) using N2 as carrier gas. a) m/z 141 isomers of succinic and methylmalonic (MMA) acids. b) m/z 155 isomers of glutaric and methylsuccinic acids. c) m/z 169 isomers of adipic and methylglutaric acids. Carbon chain structure of OAs (linear or branched) and number of atoms in sodiated ring are noted in brackets. Experiments were performed using methanol:water solution and dispersion voltage value of 1800 V. To facilitate visualization, all individual spectra are fitted and normalized to the maximum. Abbreviations: L (linear), B (branched).
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 5 .min -1 and 220 ℃, respectively. Dispersion plots corresponding to the evolution of CV as a function of DV for each sodiated complex, are reported in Figure IV.2. As expected, CV values are shifted towards negative values when increasing DV value. Full width at half-maximum (FWHM) of DMS peaks does not vary with DV, and was found to be 1.1 V. As mentioned in Chapter III, increasing DV value can, however, enhance peak capacity (PC) and peak-to-peak resolution (Rpp). PC increases linearly (R 2 = 0.990) with DV from PC = 0.8 at 1200 V to PC = 2.2 at 2000 V. The evolution of PC as a function of DV is represented in Figure IV.S1 in the Annex.

Figure IV. 2 :

 2 Figure IV.2: Dispersion plot recorded for sodiated organic acids using N2 carrier gas: m/z 141 isomers of succinic and methylmalonic (MMA) acids (green diamonds), m/z 155 isomers of glutaric and methylsuccinic acids (orange squares), m/z 169 isomers of adipic and methylglutaric acids (blue circles). Experiments were performed using methanol:water solution. Dry gas flow and temperature were set at 6.5 L.min -1 and 220 ℃.

  of the ion trap. A more careful for saturation option is thus required.

Figure IV. 4 .

 4 Figure IV.4. DMS spectra is recorded at DV value of 1800 V using N2 as carrier gas. N2 dry gas flow and temperature are fixed at 6.5 L.min -1 and 220 ℃, respectively. Sodiated organic acids are observed at expected CV values of -3.0 V, -3.0 V and -2.4 V for MMA, glutaric and adipic acids, respectively. Protonated AAs are transmitted at CV positions ranging between -8.1 and +0.3 V, as already reported with the same instrument and experimental conditions.9 As can be seen in Figure IV.4, CV value is found to increase with m/z value. For a similar m/z value, CV values of an OA is very similar to that of an AA.

Figure IV. 4 :

 4 Figure IV.4: DMS spectra illustrating simultaneous detection of organic acids and amino acids spiked in plasma. Organic acids are detected as sodiated ions: methylmalonic (MMA), glutaric and adipic acids. Amino acids are detected as protonated ions: alanine (Ala), valine (Val), leucine (Leu), methionine (Met), phenylalanine (Phe) and arginine (Arg). Data are recorded using a DV value of 1800 V, and dry N2 flow set at 6.5 L.min -1 . All individual spectra are normalized to the maximum and smoothed using a rolling average over two points.

Figure IV. 5 ,

 5 Figure IV.5, similar [OA+Na] + ion counts are found with and without formic acid.

Figure IV. 5 :

 5 Figure IV.5: MS spectra recorded for MMA, glutaric and adipic spiked in plasma. a) without HCOOH. b) with HCOOH.

Figure IV. 6 :

 6 Figure IV.6: Calibration curves of amino acids (AAs) derived from multi-class calibration: alanine (Ala), valine (Val), leucine (Leu), methionine (Met), phenylalanine (Phe) and arginine (Arg).

  together with organic acids in plasma. Measured concentration of AAs are found in good agreement with reference values at physiological levels. It could be concluded that DMS-MS is a powerful alternative to chromatographic techniques for separation, identification and quantification of organic acids, as well as other classes of metabolites found in the same plasma sample. Multi-class experiments are performed in one analytical run, under identical conditions, opening the way for emergency diagnosis application.

Figure IV. S2 : 1 ) ( 2 )

 S212 Figure IV.S2: Effect of isopropanol on DMS separation of sodiated organic acids

Figure

  Figure IV.S3: Calibration curves of organic acids spiked at low concentrations in plasma

  the frame of my PhD, diagnosis of organic acidemias has been targeted, but conclusions hold true for other metabolic disorders with specific biomarker. A comprehensive DMS-MS protocol has been developed for simple, fast and accurate analysis of specific biomarkers in biological fluids. This translational research project meets the need for time and cost-reduction in clinical laboratories. Considering the spread of ion mobility spectrometry for biochemical analysis, one could expect that a practical outcome of our work would be a technological transfer from our research to clinical chemistry. From a fundamental point of view, experimental and theoretical methods are needed for the issue of DMS peak assignment.

Finally, multiple metabolites

  found in a biological sample can be analyzed in a single run using the same DMS device and under the same experimental conditions (i.e. dry gas flow and temperature, DV value….). Preliminary results on simultaneous quantification of few organic acids and amino acids present in plasma are provided. Future work will aim to cover a larger panel of pertinent metabolites found in plasma and urine. As such, a single |Chapter V 134 run of 40 to 80 metabolites featuring different physicochemical natures can be performed. If successful, this would open the route for emergency DMS-MS diagnosis of treatable metabolic disorders. Rather than using specific liquid chromatographic conditions for each class of metabolite, a single DMS-MS instrument and protocol could be used.
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12: Endogenous concentration measured for amino acids in plasma compared to typical reference concentration range. ................................................................................... 119 L'acidémie méthylmalonique est une classe importante des erreurs innées du métabolisme. L'acidémie méthylmalonique est un exemple typique d'acidémie organique et qui sera discuté tout au long de ce manuscrit. L'acidémie méthylmalonique est l'un des troubles les plus fréquents et peut entraîner des conséquences graves. Cette maladie est due à une mutation du gène codant pour l'enzyme methylmalonyl-CoA mutase impliquée dans la voie du catabolisme des acides aminés. L'enzyme est rendue inactive, ce qui entraine le blocage de la voie métabolique, et par suite l'accumulation de l'acide méthylmalonique dans les fluides biologiques comme le plasma et l'urine. L'acide méthylmalonique est considéré comme le biomarqueur primaire et spécifique de cette maladie. La détection et la quantification du biomarqueur sont essentiels pour un diagnostic précoce de l'acidémie méthylmalonique. Les techniques métabolomiques basées sur la spectrométrie de masse (MS) sont généralement employées pour le diagnostic des acidémies organiques. La spectrométrie de masse est généralement couplée à une méthode de pré-séparation, telle que la chromatographie en phase gazeuse ou liquide. L'état de l'art du diagnostic de l'acidémie organique repose sur la chromatographie en phase gazeuse couplée à la spectrométrie de masse (GC-MS). Cette méthode est utilisée comme méthode de référence pour le diagnostic. Des centaines d'acides organiques endogènes et exogènes, excrétés dans l'urine, peuvent être séparés, identifiés et quantifiés par GC-MS. Une fois le diagnostic effectué, le suivi biologique des acidémies organiques repose sur la quantification d'un ou de quelques biomarqueurs seulement. La GC-MS offre également plusieurs avantages pour une analyse ciblés et non ciblés des acides organiques. L'ionisation standard par impact d'électrons utilisée avec la GC-MS conduit à une sensibilité élevée, une efficacité d'ionisation élevée, ainsi qu'à une fragmentation étendue des acides organiques dérivés. Ces modèles de fragmentation fournissent des informations structurelles qui sont pertinentes pour l'identification des métabolites. Les spectres de masse de référence peuvent être trouvés dans des bibliothèques spectrales universelles. Il est important de noter que le pouvoir de séparation de la GC-MS permet une séparation efficace des acides organiques isomères qui sont abondants dans les fluides biologiques, comme le MMA et son isomère, l'acide succinique. La GC-MS n'est pas sans inconvénients. En particulier, les acides organiques ne sont pas volatils et doivent être estérifiés pour être transférés en phase gazeuse. Le traitement de l'échantillon nécessite une extraction suivie d'une réaction de dérivatisation pour améliorer la séparation et la détection des acides organiques. Cette procédure pré-analytique est fastidieuse et prend beaucoup de temps, aussi que la séparation par GC qui prend typiquement 30-60 minutes. La chromatographie liquide (LC) couplée à la spectrométrie de masse en tandem (MS/MS) s'est avérée être un outil extrêmement puissant pour l'analyse ciblée des métabolites dans les échantillons biologiques. Cette technique a été progressivement intégrée dans les laboratoires cliniques pour le diagnostic et le suivi thérapeutique des patients. La LC-MS/MS est en particulier appliquée dans le cas de l'acidémie méthylmalonique, car les patients peuvent souffrir d'une insuffisance rénale entraînant une accumulation du MMA dans le plasma. Différentes méthodes ont été développées sans dérivation avec un temps d'analyse plus rapide que celui de la GC-MS. Malgré l'amélioration en termes de préparation des échantillons et la résolution des isobares et isomères, le développement d'une méthode plus rapide, plus simple et sélective est nécessaire.

La spectrométrie de mobilité différentielle couplée à la spectrométrie de masse (DMS-MS) est proposée par notre projet comme une approche alternative ou complémentaire aux méthodes chromatographiques appliquée pour le diagnostic des acides organiques.

La technologie de DMS a été appliquée avec succès pour la séparation en phase gazeuse de petites molécules, comme les métabolites. Ceci lui permet de fournir une grande utilité dans le domaine de la métabolomique. La DMS est connue pour son pouvoir de séparation des isomères et isobares. La DMS peut aussi agir comme un filtre d'ions en amont du spectromètre de masse sans ajouter un temps supplémentaire à celui de l'analyse en MS. Un autre avantage est basé sur la mesure de DMS appelé voltage de compensation (CV) peut servir comme un paramètre d'identification des métabolites. En d'autres termes, le biomarqueur ciblé peut être sélectionné à une valeur de CV distincte de celle des autres métabolites isomères présents dans un mélange complexe comme les milieux biologiques. Cette idée est au coeur de notre travail pour identifier les acides organiques dans le plasma. and/or pathophysiological features. IMDs are life-threatening defects that irremediably lead to significant organ dysfunctions (i.e. brain, liver, cardiac, kidney, muscle...). In most cases, alteration in biochemical pathway induces changes in concentration of critical endogenous metabolites. These are called biomarkers

Table II .

 II 1: Working standard solutions of organic acids used for calibration of organic acids.

	Working solution of amino acids was used for multi-class calibration. Commercial
	standard solution at initial concentration of 2500 µM is 30-fold diluted in
	methanol:water (50:50 v:v). AAs were found at 83.4 µM in working solution.

  .2). Calibration samples were prepared with the following components as given in TableII.2:

	Working solution		S1	S2	S3	S4	S5
	Concentration	of	50	100	200	500	1000
	organic acids (µM)						

  3, 6.7 µM. A volume of 10 μL of stock solutions of both MMA-d3 and IS mixture was added. Methanol:water (80:20 v:v) with formic acid (0.5 %). A volume of this solvent mixture was added in each tube to reach 500 μL, as described in Table II.3.

	Table II.3: Sample preparation for multi-class calibration.	
		Sample preparation for multi-class calibration
	Volume (µL)		Tube 1	Tube 2	Tube 3
	Composition				
	Deproteinized plasma (P6)			11
	Working standard OA solution (S2, S3 and		50
	S4)				
	Working standard AA solution		40	20	10
	Acidified methanol:water solution (80:20,	379	399	409
	v:v)				
	IS mixture				10
	Stock solution of MMA-d3			10
			Amino acids	
	Standards		Isotopically stable internal standards
	Compounds	[M+H] +	Compounds		[M+H] +	Concentration
		(m/z)			(m/z)	(μM)
	Alanine	90	Alanine-13 C2		92	4.0
	Valine	118	Valine-d8		126	4.0
	Leucine	133	Leucine-d3		135	2.7
	Methionine	150	Methionine-d3		153	1.6
	Phenylalanine	166	Phenylalanine-d5	171	1.3
	Arginine	175	Arginine-15 N2		177	1.3

Organic acids were diluted at three concentrations, 10, 20 and 50 µM in calibration samples. AAs concentration range allows to measure endogenous concentration of AAs at physiological levels. MMA-d3 final concentration remains at 20 µM. Final concentration of IS of each amino acid is given in Table II.4.

Table II.4: List of 6 amino acid standards and isotopically labeled compounds, as well as their final concentration (μM) used in multi-class calibration samples.

  Findings allow for intuitive understanding of modifier effect on DMS behavior of ion, based on nature and chemical properties of both ion and modifier molecule. Systematic study is still needed to choose a modifier for best DMS separation, since DMS behavior of ions is not well understood under high electric field. The choice of optimum flow of isopropanol, and more generally modifiers, is also critical. Optimum modifier flow must enable relatively high ion signal and 'correct' CV shift. The trend of CV position as a function of isopropanol flow added to N2 carrier gas can be visualized in Figure III.8. Using 1 μL.min -1 flow rate of isopropanol, CV values remain unchanged or shift towards positive values relative to those with only N2

Table III .

 III 1: CV and FWHM values observed for organic acids as lithiated complexes. Data were recorded using a mixture of N2/He gases (92:8) and N2 only as carrier gas (100:0) fixed at 2.4 L.min -1 .

Table IV .

 IV 1: Structural properties related of organic acids complexed with sodium cation.

  1 . CV values of isomers obtained are given in TableIV.2. Comparison between CV values observed with and without methanol clearly shows that CV values of isomers are nearly the same.Methanol was introduced at different flow rates ranging from 1 to 5 µL.min -1 .Increasing modifier flow rate can improve resolution at the expanse of ion signal. This was found to be particularly true for MMA and its isomer, i.e. the lightest isomers. For such light ions, it is conceivable that ion trajectories are the most sensitive to ionmolecule collisions leading to ion loss. Addition of other modifier such as isopropanol was attempted and similar results were observed (see Figure IV.S2 in Annex).

N2 dry gas flow at 6.5 L.min -1 Without methanol With methanol

  

	IV.3. Fast identification of organic acids in plasma
	IV.3.1.			
	Table IV.2: CV values obtained from DMS spectra recorded with and without methanol used as
	modifier gas in N2 dry gas. N2 dry gas flow was set at 6.5 L.min -1 and methanol flow was fixed
	at 2 µL.min -1 which corresponds to ~0.02% molar percentage.	
	OA	[M+Na] + (m/z) CV (V)	CV (V)
	Succinic	141	-3.8	-7.0
	MMA		-2.9	-7.0
	Glutaric	155	-2.8	-5.3
	Methylsuccinic		-2.4	-5.5
	Adipic	169	-2.4	-4.5
	Methylglutaric		-1.8	-4.1

Determination of CV values in plasma

  Our targeted DMS-MS method for rapid quantification would rely on the fact that a biomarker could be characterized by its CV value, and thus at its non-dependency on matrix composition. CV values of OAs were thus first determined for sodiated complexes in methanol:water and plasma samples. Experiments were performed for organic acids added at the same concentration (100 µM) to both matrices. DMS spectra were recorded at DV value of 1800 V using N2 as carrier gas, and DMS data are given in TableIV.3. CV and FWHM values of sodiated OAs found in methanol:water solution are reproducible in plasma, resulting in very similar Rpp value for each isomer pair. 5 to 50 µM for the three organic acids. Mean, standard deviation (SD) and relative SD (RSD) values of slope and intercept are given in TableIV.5. Results are stable and reproducible for both slope and intercept. Linear correlation coefficients are found to be greater than 0.99. IV.3: Calibration curves of MMA, glutaric and adipic acids spiked in healthy plasma samples. Area ratio organic acid (OA)/internal standard is plotted against OA concentration after dilution. Calibration curves were obtained from experiments performed in duplicate over 6 independent experiments.

	Figure				
	Table IV.3: Comparison between DMS data recorded in methanol:water and plasma solutions for
	sodiated organic acids.			
		Methanol:water	Plasma	
	OA	[M+Na] + (m/z) CV (V) FWHM (V) Rpp CV (V)	FWHM	Rpp
					(V)
	Succinic	-3.7	1.0	-3.7	1.0
		141	0.4			0.5
	MMA	-2.9	1.0	-2.9	1.1
	Glutaric	-2.8	1.1	-2.9	1.0
		155	0.3			0.3
	Methylsuccinic	-2.3	1.0	-2.3	1.1
	Adipic	-2.2	1.1	-2.2	1.1
		169	0.3			0.3
	Methylglutaric	-1.8	1.1	-1.8	1.0
	Importantly, our biomarker of interest, MMA, can be distinguished from its isomer,
	succinic acid based on 0.8 V difference in CV values. The corresponding Rpp value (0.5)
	can be sufficient for achieving reliable quantification of MMA. Indeed, similar

from

Table IV . 5 :

 IV5 Slope, intercept and R 2 values associated with linear regression equation for MMA, glutaric and adipic acids averaged for experiments performed over 6 independent experiments.

	Analyte	Slope		Intercept		R 2 value
		Mean (SD)	RSD (%) Mean (SD)	RSD (%)	
	MMA	0.015(<0.001)	1.34	0.038 (0.002)	6.14	0.99
	Glutaric	0.015 (<0.001)	1.37	0.011 (0.002)	2.41	0.99
	Adipic	0.069 (0.002)	3.58	0.037 (0.012)	30.76	0.99
	Linearity was then assessed at lower concentrations. Calibration samples were
	prepared with plasma spiked with organic acids within 0.1-2 µM concentration range,
	considering the plasma dilution factor (1/50). This range is equivalent to 5-100 µM in
	plasma. Calibration curves show linear profile (R 2 > 0.99) are represented in Figure IV.S3
	in Annex.					
	LOD and LOQ are two key parameters for our protocol of quantification. LOD and LOQ
	values of each analyte are derived from linear regression method mentioned in
	Chapter II. Based on calibration curves obtained in 5-100 µM range in plasma, LOD

  .7). Results are given in TableIV.7 for control samples prepared in P1. Satisfactory results are found for all analytes spiked at both concentration levels (TableIV.7). RSD values range from 1.5% to 3.4%. Intra-day precision is also found acceptable in P6 (TableIV.S1, see Annex), even though variability is systematically higher than 5% at 20 µM.

  .8). RSD values range between 5 and 8% for MMA, glutaric and adipic at low and high calibration levels, regardless of which plasma sample was used. In TableIV.8, inter-day precision was evaluated for the same control sample analyzed over n different days. Sample prepared in P6 spiked with 20 µM is analyzed in duplicate on 4 days (n = 4), while plasma P1 spiked at 50 µM is analyzed over 11-day period (n = 11). RSD values determined at each concentration are, however, found comparable. The difference in terms of number of days thus seems to weakly influence inter-day precision for measurement of low concentration of OAs.

		Plasma P1, n = 6				
	Analyte	Nominal concentration = 20 µM	Nominal concentration = 50 µM
		Mean	SD	RSD (%)	Mean	SD	RSD (%)
	MMA	21.4	0.7	3.3	54.9	1.2	2.2
	Glutaric	20.6	0.5	2.2	56.9	0.8	1.5
	Adipic	20.8	0.7	3.4	57.8	1.4	2.4

  Six plasma (P1-P6) samples collected from different controls were used to evaluate matrix effect on concentration of OAs at 20 and 50 µM in calibration samples. Recovery and RSD are listed in TableIV.9. Recovery values of MMA are homogenous at both

	concentrations, ranging from 99.8% (in P3) to 111.2 % (in P4). The mean value of
	recovery is found at 105.4%. Similarly, results are satisfactory for glutaric and adipic
	acids in plasma samples, except in P3 where recovery exceeds 120% at both
	concentrations. However, recovery values are also acceptable in the expected range
	85-115%: mean values are 111.0% and 107.1% for glutaric and adipic respectively. In
	can be concluded that matrix effect will not exert significant influence on the analyte
	response and in turn on quantification of the three OAs.		
	Analyte	Plasma P6, n = 4		Plasma P1, n = 11	
		Nominal concentration = 20 µM	Nominal concentration = 50 µM
		Mean	SD	RSD (%)	Mean	SD	RSD (%)
	MMA	20.7	1.1	5.3	51.9	4.2	8.2
	Glutaric	21.5	0.8	3.8	53.7	3.8	7.1
	Adipic	21.2	1.4	6.4	51.3	3.3	6.4

Table IV .

 IV 9: Matrix effect on MMA, glutaric and adipic acid concentration. Analytes are spiked at 20 and 50 µM in calibration sample in six different plasma samples (P1-P6). Corresponding recovery and relative standard deviation (RSD) are calculated for each concentration.

	Plasma	Nominal	MMA		Glutaric		Adipic	
	sample	concentration	Recovery	RSD	Recovery	RSD	Recovery	RSD
		(μM)	(%)	(%)	(%)	(%)	(%)	(%)
	P1	20	104.1	0.9	104.7	2.7	105.4	3.4
		50	111.2	3.3	114	3.3	116.9	3.1
	P2	20	105.6	5.6	111.5	0.8	105.5	2.8
		50	105.9	1.2	101.7	1.1	98.0	2.7
	P3	20	108.7	2.7	131.4	1.0	121.8	1.0
		50	99.8	2.0	134.7	2.8	120.2	2.5
	P4	20	111.2	4.7	100.4	0.6	106.0	0.7
		50	106.1	0.1	104.3	1.8	93.5	0.9
	P5	20	100.7	3.1	93.7	1.4	100.3	0.5
		50	101.5	3.9	112.7	2.6	109.5	0.7
	P6	20	101.6	3.1	112.4	2.6	113.7	5.1
		50	108.1	1.6	110.6	2.1	94.9	2.6
	Average		105.4		111.0		107.1	
	Three interpretations of overestimated concentrations of glutaric and adipic acids in
	sample P3 can be proposed. First, it is assumed that MMA concentration is below 0.5

  This strongly suggests that the presence of AAs and formic acid does not significantly influence quantification of organic acids in plasma.

	|Chapter IV
	calibration.
	plasma noted P0 was used for OA calibration and plasma P6 was used for multi-class
	calibration. Slope and intercept values derived from linear regression in the two cases
	are very similar.
	This can be illustrated by deriving OAs concentration from one or the other equation
	using a hypothetical area ratio. For instance, concentration of MMA for a hypothetical
	area ratio of 0.5 is 30.8 µM from OAs calibration and 30.1 µM from multi-class
	117

.10)

. It is important to note that different plasma samples were used:

2. Quantification of endogenous concentration of amino acids

  

	Table IV.10: Linearity parameters derived from measurements on organic acids (OAs) and multi-
	class calibration.

IV.5.

Linear regression curves of selected AAs are represented in Figure IV.6. Concentration of AAs ranges from 1.7 to 6.7 µM. The response becomes non-linear when increasing AA concentration to 20 µM, which reflects saturation of the ion trap. Further experiments are planned in order to avoid saturation at high concentration.

Mean and standard deviation values of slope and intercept are given in Table

IV

.11.

Table IV .

 IV -class calibration. Simultaneous quantification of OAs and AAs can also be carried out. Experiments will be performed to reproduce results with six calibration concentrations of calibration and over different independent experiments to improve linearity and validate the method.

	applied for multi			
	AA	Multi-class calibration	
		Slope	Intercept	R 2
	Ala	0.943	1.08	0.94
	Val	0.32	0.83	0.93
	Leu	1.05	1.47	0.99
	Met	0.81	0.37	0.98
	Phe	0.79	0.88	0.98
	Arg	0.94	0.97	0.97
	Multi-class calibration aims to quantify endogenous concentration of AAs in plasma at
	physiological levels. Concentrations given in Table IV.12 are measured using
	calibration curves discussed above. Measured concentrations are consistent with
	physiological reference levels. Preliminary findings suggest that DMS-MS can be

11: Slope, intercept and R 2 values associated with linear regression equation of amino acids.

Table IV .

 IV 12: Endogenous concentration measured for amino acids in plasma compared to typical reference concentration range.

  It has been demonstrated that a broad metabolite coverage is achieved, but quantification was not performed. CV values were determined for a set of 529 metabolite standards related to 10 different classes in pure solutions, under the same DMS-MS conditions, in both positive and negative ionization modes.Current developments are still directed towards metabolite-multiclass methods for analyzing a larger number of compounds in a biological sample in order to answer the need of emergency diagnosis. Since metabolites are connected in a complex network, simultaneous quantification allows for better understanding of clinical status of

	Analyte	Measured concentration (µM)	Reference concentration (µM)
	Val-AA	129.7	110-340
	Leu-AA	70.0	60-90
	Met-AA	22.8	18-42
	Phe-AA	55.7	35-90
	Arg-AA	51.6	40-120

Table IV .

 IV S1: Intra-day precision of concentration measurement of MMA, glutaric and adipic acids. Analytes are spiked in plasma sample P6 at 20 and 50 µM after plasma dilution. Mean concentration, standard deviation (SD) and relative SD (RSD) are calculated for each concentration using 6 replicates (n = 6) analyzed on one day.

							|Chapter V
	Chapitre V -Conclusions and perspectives		
		Plasma P6, n = 6				
	Analyte	Nominal concentration = 20 µM	Nominal concentration = 50 µM
		Mean	SD	RSD (%)	Mean	SD	RSD (%)
	MMA	21.8	0.7	7.6	50.2	1.5	2.9
	Glutaric	21.3	1.1	5.3	54.7	1.5	2.7
	Adipic	21.3	1.3	5.9	48.2	1.0	2.1
							132

est d'évaluer les performances analytiques du DMS-MS pour la séparation, l'identification et la quantification des biomarqueurs dans des échantillons de plasma. Dans un premier temps, une phase d'optimisation des conditions expérimentales sera abordée. Des paramètres ont été optimisés pour améliorer l'ionisation des acides organiques en mode positif. Le control du flux et de la composition du gaz de mobilité a été effectuée. C'est une étape clé pour obtenir une séparation et une identification en DMS stables. Ensuite, la robustesse des valeurs de CV des acides organiques sous différentes conditions est évaluée. La dernière partie de ce projet est la quantification des biomarqueurs dans le plasma. La linéarité de la méthode, la répétabilité de la mesure de concentration, la limite de détection et l'effet de matrice sur la concentration des analytes sont présentés. Une analyse simultanée des acides organiques et des acides aminés présents dans le plasma est également démontrée dans la perspective d'un diagnostic d'urgence. Cette étude constitue une preuve de concept en vue de l'intégration de la DMS-MS dans le domaine d'applications liées à l'analyse des métabolites.
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difference in retention time was obtained for underivatized MMA and succinic in other biological matrices using LC-MS/MS method. 7,8 

IV.3.2. Robustness of CV measurement

Robustness of DMS method in terms of peak position is important in the perspective of biomarker identification using its specific CV value for maximum transmission. The mean CV value associated to standard deviation (SD) of DMS peak position of sodiated organic acids obtained over 4 months are given in Table IV. 4.

Multiple CV measurements were carried out in different conditions. Eight plasma samples collected from different control patients were used for preparation of working solutions for optimization, so that plasma composition was not constant. Plasma samples were also diluted at either 1/100 or 1/50 final dilution factor. Potential effects of both nature and concentration of the biological matrix are found to be negligible based on SD values small or equal to 0.1 V over these experiments. Influence of analytes concentration on CV values could also be expected. OAs were spiked into plasma at different concentrations ranging from 5 to 250 µM. DMS peak shape was characterized even at very low concentration at the expected CV position.

[M+Na] + Methanol:water Plasma

Note that peak width was found not to be correlated with concentration value examined and FWHM variations were smaller than 0.1 V. There is also an excellent agreement between CV values of the two sets of values given in Table IV.4, and hence there is no evidence of concentration effects.

These experiments were carried out over a period of 4 months, during which DMS device had to be mounted and unmounted several times. Stability of CV values of sodiated OAs over time demonstrates that no instrumental bias affects CV measurements. The mean SD values are all found to be smaller than 0.1 V, which corresponds to the CV increment value fixed at 0.1 V for all our experiments. Higher SD was observed for adipic and methylglutaric acids (SD = 0.2 V). Overall, CV value does not depend on matrix nor on analyte concentration.

A pilot study based on the same DMS-MS experiments was conducted with a set of amino acids and related compounds in plasma samples in our group. 9 Effect of matrix and concentration of analytes were found to be negligible. Variations of CV positions were also on the order of 0.1 V over a large period of time (6 months). Therefore, CV value is a robust and stable parameter that could be a means for reliable identification of metabolites in biological matrices using a DMS-MS approach.

IV.4. Quantification of MMA in plasma samples

Quantification of MMA in plasma allows for both diagnosis and follow-up of methylmalonic acidemia. In the case of a patient with methylmalonic acidemia, MMA is usually found at concentration higher than 50 µM in plasma. 10,11 MMA concentration can even reach values of 2000 µM in severe cases. We thus primarily focus our attention on fast quantification of MMA in this high concentration range (i.e. 50-2000 µM) in plasma. Our protocol for quantification was simultaneously applied to MMA, glutaric and adipic acids for purpose of method validation.

As mentioned in Chapter II, glutaric and adipic acids are chosen because both can be found in plasma and can be involved in diagnosis of organic acidemias. Glutaric acid is a biomarker of glutaric acidemia Type I when present at a concentration higher than 12 µM in plasma. 12 Adipic acid is a specific biomarker of a mitochondrial fatty acid βoxidation deficiency, 13 even though its concentration in plasma greatly depends on nutritional state of subjects. Adipic and also glutaric acids are both produced during a long period of fasting leading to high levels in plasma.

Quantification of MMA, glutaric and adipic acids in plasma using our DMS-MS approach was achieved using a single stable internal standard (IS, MMA-d3). That is, MMA-d3 is the common IS for the three organic acids. Calibration samples were prepared with samples collected from healthy control patients, so as OAs are present at physiological concentration. Typically, concentrations of MMA, glutaric and adipic acids lower than 0.5 µM are expected. Plasma was diluted by 1/50 in calibration samples. This dilution factor was found to provide the best ion signal.

Five calibration levels in the 5-50 µM range, corresponding to 250-2500 µM in plasma, were chosen. Calibration curves were obtained from six independent experiments performed over six days. Limit of detection (LOD) and quantification (LOQ) are determined, and precision of our method in terms of quantification is assessed. Finally, matrix effect on concentration of analytes is evaluated. Determination of these detection and quantification limits is based on guidelines of IUPAC 14,15 as implemented in our RStudio-written code.