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[bookmark: _Toc92967896]Abstract
Separation and identification of (iso)flavonoids, including their isomers, is of great interest due to their differential bioactivity. Yet, identification of substituted (iso)flavonoid and differentiation of their isomers in complex plant extracts by LC-MSn is complicated due to the large diversity of these compounds, along with the subtle differences in their structures that result in highly similar retention times and fragmentation patterns. In this study, a cyclic ion mobility-MS (cIMS-MS) method was developed to strengthen the identification of prenylated and glycosylated (iso)flavonoids using collisional cross section (cIMSCCSN2) values. Among the ions investigated, the lithium adducts were most stable and offered high-resolution separation. We created a library containing the cIMSCCSN2 values of lithium adducts of 51 (iso)flavonoids. For 47 of the 50 isomer pairs, the cIMSCCSN2 values of the two isomers within the pair were statistically significantly different, confirming that the cIMSCCSN2 values in the library can be used in combination with retention times, m/z values, and fragmentation patterns to achieve identification of these compounds. Furthermore, pre-cIMS trap fragmentation of (iso)flavonoid glycosides can be used to determine cIMSCCSN2 values of the corresponding aglycones for their identification. In addition, a modelling approach was explored, revealing the potential of integrating molecular dynamics simulations for CCS prediction and identification of unknowns. The combined LC-MSn and cIMS-MS approach was able to strengthen identification of several prenylated and glycosylated (iso)flavonoids in a proof of concept analysis of a licorice root extract, thereby demonstrating the power of this approach for the identification of substituted (iso)flavonoids in complex extracts. 
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1. 

(Iso)Flavonoids are naturally found in many food sources such as fruits, vegetables, and plant-based products. Interest in the analysis of (iso)flavonoids continues to increase because of their bioactive characteristics (1). This class of compounds is structurally diverse due to the occurrence of multiple subclasses (e.g., chalcones, flavanones, flavones, flavanonols, flavonols, isoflavones, isoflavans) and various substitutions, such as hydroxylation, methoxylation, and glycosylation or prenylation. These substitutions are important as they alter the functionality of (iso)flavonoids. Glycosylation of (iso)flavonoids increases their hydrophilicity, generally leading to improved bioavailability, distribution within the human body, and stability (1–3). Because of these characteristics, the (iso)flavonoids can be distributed to specific places in the human body, where upon deglycosylation, their biological properties will be enhanced and can be fully utilized (e.g., anti-inflammatory and antimicrobial effects) (1,4,5). The main structural variations in glycosylated (iso)flavonoids are found in the position of glycosylation on and type of connection to the (iso)flavonoid aglycone (i.e., C- or O-glycosylation), and the type of glycosyl moiety (e.g., mono- or disaccharides). Regarding the latter, within the glycosyl moiety, many structural variations can be present such as different anomeric configurations (e.g., α or β) and linkage types (e.g., 1-2 or 1-6) (4,6). On the other hand, prenylation of (iso)flavonoids increases their lipophilicity, leading to enhanced affinity for biological membranes and interaction with target proteins (7–9). Prenylated (iso)flavonoids are linked to many bioactivities, including anticancer, anti-inflammatory, and antimicrobial activity (1,10,11). The main structural variations in prenylated (iso)flavonoids are found in chain or ring prenylation, single or double prenylation, and prenyl position (12). Despite the minor differences in the structure of glycosylated and prenylated (iso)flavonoid isomers, their characteristics can differ in various fields (e.g., food and health) (13–15). For example, naringenin-7-O-neohesperidose contributes significantly to bitterness in grapefruit, while its isomer naringenin-7-O-narirutin is tasteless (16,17). Another example is the notable difference in antimicrobial activity between 8-C-prenylgenistein and 3′-C-prenylgenistein with minimum inhibitory concentrations of 25 and > 100 µg/mL, respectively (18). Thus, the confident identification of structurally similar substituted (iso)flavonoids is crucial. At the same time, the enormous structural diversity of these compounds complicates their analysis, in particular the distinction of isomers.
Food extracts containing substituted (iso)flavonoids are predominantly analyzed by liquid chromatography coupled to UV-Vis spectroscopy and mass spectrometry (LC-UV-Vis-MS) (12,19–22). Currently, these approaches rely on standards and publicly available libraries for identification of compounds. Additionally, the combination of high resolution MS, fragmentation by collision induced dissociation (CID) or higher-energy collisional dissociation (HCD), and targeted strategies involving decision trees for the interpretation of fragmentation (MS2 or MSn) spectra can result in a great depth of characterization. However, for isomeric species, differentiation remains complex due to the reliance on small differences in relative intensity ratios of fragments (12). Besides this, in complex food extracts, such as licorice, the possibility of obtaining mixed fragmentation spectra due to incomplete chromatographic separation of isomers still exists. This can lead to unidentified or misidentified compounds. Therefore, a third separation dimension is necessary to improve isomer separation and increase confidence in substituted (iso)flavonoid identification.
Ion mobility spectrometry (IMS) is a technique that separates ions in the gas phase based on their mobility (K). The ions are moved forward by an electric field applied on a tube filled with neutral gas particles. The mobility of an ion depends on its size, charge, and shape, and isomers usually differ in these characteristics. Therefore, IMS is an ideal addition to LC-MS to potentially improve the separation of isomeric substituted (iso)flavonoids (23–27). The applicability of established IMS techniques, such as classical drift tube IMS (DTIMS), travelling wave IMS (TWIMS), and trapped IMS (TIMS), for this purpose is limited by a lack of resolution in separation. High resolution IMS separation is necessary for complex isomer separations and identification in food extracts (28,29). Currently, the IMS technique that can achieve the highest resolution is cyclic IMS (cIMS), which makes use of the TWIMS principle in a cyclic geometry. The cyclic geometry offers the capability to extend the pathlength by increasing the number of passes through the mobility cell, in so-called multi-pass measurements, which enables high resolution separations (30). In one of our previous studies, cIMS separation was already achieved for highly structurally similar non-substituted (iso)flavonoid stereoisomers and positional isomers (31). 
Besides providing an additional dimension of separation, IMS can also be used to determine analyte ions’ collisional cross section (CCS). CCS is a physicochemical property that represents the effective rotational average collision area of the ions with neutral gas molecules (e.g., nitrogen) at specific experimental conditions such as temperature, gas composition, and the electric field strength (32,33). In classical DTIMS, the CCS can be directly derived from the measured mobility due to a relatively straightforward ion path across the linear tube. However, IMS techniques based on different principles such as TWIMS, TIMS, and cIMS, require CCS calibration based on reference CCS values due to more complex ion paths (34,35). Calibration for CCS determinations based on multi-pass measurements in cIMS is even more complex because of potential for wrap around and a high impact of space charge effects. This can result in peak broadening and shifts in arrival time for larger ion packets influencing the accuracy of experimental CCS values measured by cIMS (with nitrogen as drift gas), denoted as cIMSCCSN2 (36). Recently, an efficient approach was published by Xia et al., with which cIMSCCSN2 values can be accurately determined using cIMS-MS. Errors of < 0.3 – 0.7 % compared to reference DTIMSCCSN2 values (in Å2) were achieved, and results showed high reproducibility with standard deviations < 0.2 Å2 (37). This approach was applied within our lab to accurately determine cIMSCCSN2 values, which can be used as a complementary parameter in addition to retention times, m/z values, and MS2 spectra to strengthen the identification of substituted (iso)flavonoids. Obtaining pure MS2 spectra, which only contain fragments of one individual compound, is essential for confirmed structure (level 1) identification (38). For the structural identification of small molecules using LC-MS, a level system has been established by Schymanski et al. to effectively communicate confidence in identifications (38). Recently, the use of IMS and CCS values were incorporated in this level system for its use in PFAS analysis (39). In the current work, the identification confidence levels from these two papers were adopted: confirmed structure (level 1), probable structure (level 2), tentative candidate structure(s) (level 3), unequivocal formula (level 4), and feature of interest (level 5). Overall, cIMSCCSN2 determination for a large variety of substituted (iso)flavonoids has not been previously performed. Moreover, cIMSCCSN2 values have not yet been integrated within LC-MS libraries or identification workflows, even though these values could be used to increase identification confidence of substituted (iso)flavonoids in complex food extracts.
The aim of this study was to develop a strategy to strengthen the identification of substituted (iso)flavonoids using cIMS-MS. Firstly, a method was developed for the separation of prenylated and glycosylated (iso)flavonoids using standards with cIMS-MS. The separation of the aglycones was already achieved in our previous study (31). Secondly, the cIMSCCSN2 values for a set of 51 compounds including substituted (iso)flavonoids and (iso)flavonoid aglycones were determined, subjected to a reproducibility study, and then used to create a cIMSCCSN2 library. Thirdly, a proof of concept experiment was performed on an ethyl acetate (EtOAc) extract of licorice roots. Compounds of interest were selected from an initial LC-MS2 screening, fractionated from the licorice root extract using LC separation, and measured off-line by cIMS-MS analysis to determine their cIMSCCSN2 values. The measured cIMSCCSN2 values were compared with the cIMSCCSN2 library values to evaluate the applicability of the library and to strengthen substituted (iso)flavonoid identification. Finally, the perspectives of in silico modelling and specific cIMS-MS strategies for the identification of unknown compounds in food extracts were explored and discussed.
Material and methods
Materials
The (substituted) (iso)flavonoid commercial standards were purchased from ChemFaces (Wuhan, China), Carl ROTH (Karlsruhe, Germany), Extrasynthese (Lyon, France), Indofine Chemical Company (Hillsborough, NJ, USA), Plantech (Reading, UK), and Sigma-Aldrich (St. Louis, MO, USA). Other standards were previously purified from Glycyrrhiza glabra roots or synthesized in our lab (40,41). All standards are listed in the supplementary information (Table S1), including their origins and purities. ULC-MS grade solvents including methanol (MeOH), acetonitrile, water, and water containing 0.1% (v/v) formic acid (FA) were purchased from Biosolve (Valkenswaard, The Netherlands). Sodium iodide (> 99%) and lithium acetate (> 99%) powders were obtained from Sigma-Aldrich (St. Louis, MO, USA). Licorice roots (Glycyrrhiza glabra) were provided by Ruitenberg BasIQs BV (Twello, The Netherlands).
Methods
Sample preparation
The licorice roots were extracted by EtOAc as described in van Dinteren et al. (12). The standards and licorice root extract were dissolved in MeOH. A solution of either sodium iodide or lithium acetate was added to obtain a final concentration of 2 µg/mL to induce constant formation of the desired adduct for each sample. For optimization of the cIMS-MS separation, standards were prepared at concentrations between 1-3 µg/mL. Both pure standards and mixtures containing the isomers were prepared. For final analyses, the samples were prepared at a concentration of 100 µg/mL.
cIMS-MS analysis
The analysis was performed on a Select Series Cyclic Ion Mobility Mass Spectrometer (Waters Corporation, Wilmslow, U.K.). The instrument is described in detail by Giles et al. (30). The cIMS instrument was configured for direct infusion analysis at a flow rate of 10 µL/min for most experiments. The system was flushed with MeOH and with 25 % (v/v/v/v) acetonitrile/isopropanol/methanol/water between samples. The cIMS-MS acquisition was carried out in targeted MS² mode. The main IMS method parameters were travelling wave (TW) velocity 600 m/s and TW static height 30 V, which were chosen based on separation performance and stability of the ions in the racetrack. For ionization, capillary and cone voltages of 2.5 kV and 40 V, respectively, were applied. The source temperature was set at 100 °C and the nitrogen desolvation gas flow at 800 L/h with a desolvation temperature of 300 °C. For trap fragmentation (CID), a collision energy range of 30-70 V was applied. Nitrogen was used as collision and IMS gas. Acquisition and processing were performed using MassLynx (version 4.2) and Microsoft Excel (version 2302). 
[bookmark: _Hlk210734311]cIMSCCSN2 determination of substituted (iso)flavonoid standards
The method of Xia et al. (2024) (37) was adapted to calculate the cIMSCCSN2 values of our substituted (iso)flavonoid standards (Table S1, supplementary information). The full workflow from data collection to processing is visualized in Figure S1. A suitable range of the Major Mix (Waters Corporation, Wilmslow, U.K.) was used as cIMSCCSN2 calibrant (see Table S2, supplementary information) and was acquired using a scan range of m/z 200-800 in MS mode at the following separation times cIMS: 0.01, 5, 10, 20, 40, 80, 120, 125, 160, 165, 200, and 205 ms. Acquisitions with a difference of 5 ms in separation time were added to obtain acceptable peak shapes (i.e., by avoiding wrap around effects) to ensure at least six data points per compound. The cIMS-MS settings are described in Section cIMS-MS analysis. The standards were divided over a minimal number of samples to make the analysis time as short and efficient as possible to ensure stable calibration. The standards were analyzed with the same cIMS-MS settings in targeted MS2 mode, and were recorded at the following separation times in cIMS: 0.01, 5, 10, 20, 40, 80, 120, 125, 160, 165, 320, and 325 ms. The differences in separation times between the calibrant and the compounds do not influence the results as long as the ion velocity can be accurately calculated by using at least six data points. During all the measurements, the intensity per MS scan value was ≤ 2.0 x 104 to limit space charge effects that occur at higher ion intensities (31,42,43). The calibrant and compound masses were extracted from the mobilograms and their peaks were Gaussian fitted using nonlinear least squares regression in MATLAB to obtain accurate arrival times. 
The measurements were performed on three different days, with inter-day triplicates, to check the reproducibility. The calibration was performed before and after the compounds were measured to ensure stable calibration over time. Eventually, both calibration timepoints were stable and the second timepoint was used to determine all cIMSCCSN2 values of the compounds. A one-way ANOVA analysis was performed on the measurements (triplicate) of each individual compound to compare and determine whether the compounds (51 in total, Table S1) in all 50 isomer pairs (combinations of two isomers) were significantly different from each other and suitable for inclusion in the library. In addition, a confidence interval (CI) of 95 % was calculated for each individual compound. However, due to the limited number of repeated measurements (n = 3), the individual CI values were not accurate as they did not account for the random variation observed across the whole data set. Because the variation is compound independent and purely instrumental, the average CI over the entire compound set (n = 51 individual CIs) was used to establish the boundaries for the determination of cIMSCCSN2 values. Therefore, after the one-way ANOVA analysis, the difference in cIMSCCSN2 between the isomers in each pair was again compared with the total average CI interval, as each isomer pair should have a larger difference than the total average CI interval in order to use their cIMSCCSN2 values within a library for identification purposes. Acquisition and processing were performed using MassLynx (version 4.2), MATLAB (version R2019b), and Microsoft Excel (version 2302).
cIMSCCSN2 determination of substituted (iso)flavonoids in licorice root extract
[bookmark: _Hlk192229760]The licorice root extract was screened with LC-MS, after which a fractionation of the compounds of interests was performed. Based on previously published level 3 identifications of another study from our lab (12), five compounds of interest were selected for a proof of concept experiment: isoliquiritigenin, isoliquiritigenin-4-O-apioside, liquiritigenin-4-O-apioside, 3-OH-glabrol, and glabrol. For the LC separation, an Acquity UPLC BEH C18 column (1.7 μm, 2.1 x 150 mm) (Waters Corporation, Wilmslow, U.K.) was used with a 2.1 mm VanGuard pre-column. Mobile phase A consisted of 99 % (v/v) water, 0.9 % (v/v) acetonitrile, and 0.1 % (v/v) formic acid. Mobile phase B consisted of 99 % (v/v) acetonitrile, 0.9 % (v/v) water, and 0.1 % (v/v) formic acid. The flow rate was set at 0.4 mL/min at a column temperature of 45 °C and an injection volume of 1 μL was used. The following elution program was used: isocratic at 5 % B for 1.10 min, 1.10 - 52.68 linear gradient to 99 % B, and 52.68 - 58.17 isocratic at 99 % B. The eluent was adjusted to its starting composition in 1.10 min followed by equilibration for 5.48 minutes. A 1.0 mM lithium acetate solution was added in the liquid flow (post column) from the direct infusion inlet of the cIMS-MS instrument to induce lithium adduct formation. The inlet system was washed with 25 % (v/v/v/v) acetonitrile/isopropanol/methanol/water between samples. For the MS acquisition, a scan range of m/z 200 - 800 and a scan time of 0.5 s was used. The remaining cIMS-MS settings and CCS determination method were as described in the Sections cIMS-MS analysis and cIMSCCSN2 determination of substituted (iso)flavonoid standards. Acquisition and processing were performed using MassLynx (version 4.2) and Microsoft Excel (version 2302).
Molecular modelling
Simulations of (iso)flavonoids as lithium adducts in the gas phase were conducted with Materials Studio 2022 (BIOVIA, San Diego, CA) using the PCFF force field, and QEq partial charges. All molecular dynamics simulations were carried out with a 500 Å cut-off for electrostatic and Van der Waals interactions. For each compound out of the 51 (iso)flavonoid library, five structures were built with the lithium ion randomly placed at different positions. A quenched dynamics simulation (NVT ensemble) was performed at 600 K for 10 ns, in vacuum, for each of the five initial structures. The most stable geometry among the five quenched dynamics simulations was used as a starting point for a molecular dynamics simulation (NVT ensemble) at 298 K for 10 ns in vacuum. Subsequently, 101 conformers were extracted from the molecular dynamics simulation and submitted to TMCCSN2 calculations using the Trajectory Method (TM) as implemented in Collidoscope (44).
Results and discussion
Separation of substituted (iso)flavonoids
The separation of deprotonated, protonated, lithium, and sodium ions of substituted (iso)flavonoids in cIMS was screened for multiple compounds. For the (de)protonated ions, suspected charge site isomers were observed for some compounds, which we also previously encountered for catechins (flavan-3-ols) (31). The mobilograms containing suspected charge site isomer peaks are shown in Figure S2 (supporting information). In addition, instability occurred in some cases where spontaneous fragmentation took place during a single pass separation without applying any fragmentation energy. The instability of these (de)protonated ions increased with an increasing number of passes. Such instability was not observed for the measurements of lithium and sodium adducts. Thus, lithium and sodium adducts, rather than (de)protonated ions, were used for all further measurements based on the enhancement of ion mobility separation, improved stability of the ions, and our previous experience for (iso)flavonoids (31,45). Both adducts were screened for a large subset of standards. As examples, a few separations of isomers using both adducts are shown in Figure 1.
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Figure 1: Comparison between the separation of lithium and sodium adducts of (A) the glycosylated flavonoids luteolin-8-C-glucoside and luteolin-6-C-glucoside (8-Glc vs. 6-Glc) and (B) the prenylated isoflavonoids 8-C-prenylgenistein, 7-O-prenylgenistein, and 3′-C-prenylgenistein (P8 vs. P7 vs. P3). For the separation of both adducts, 3 (A) and 20 (B) passes were used for glycosylated and prenylated (iso)flavonoids, respectively. In addition, the concentrations of the used standards were not equal.
Both adducts performed comparably based on separation performance and are suitable for the separation of glycosylated and prenylated (iso)flavonoid isomers. Even at this limited number of passes, the tested isomers were separated well enough for adduct comparison, except for luteolin-8-C-glucoside and kaempferol-3-O-galactoside, which were difficult to separate even at a higher number of passes (Figure S3). For the identification of the compounds, pure MS2 spectra are needed because the fragments can provide essential structural information that cannot be provided by cIMSCCSN2 values alone. Fragmentation was therefore tested for both adducts. Lithium adducts yielded key fragments, corresponding to diagnostic neutral losses of prenyl and glycoside moieties, that are comparable to those observed for protonated ions. For the sodiated ions, the structural information available for identification was limited by their much lower fragment yields compared to the protonated and lithiated ions. This is illustrated with two examples: a prenylated (iso)flavonoid in Figure S4 and a glycosylated (iso)flavonoid in Figure S5. Although protonated and lithiated ions yielded similar fragments, differences in fragment ratios were observed. Additionally, the optimal fragmentation energy for high-quality MS2 spectra can differ between these ions. Nevertheless, fragmentation of the lithium adducts provided enough diagnostic information and was sufficiently comparable to the protonated ions for established fragmentation guidelines (e.g. the decision tree from van Dinteren et al. (2021)) (12) to be used. Sodium adducts of prenylated species typically gave noisier MS2 spectra and lacked fragments that matched with those of the protonated ions for prenylated species. For glycosylated species, the sodium adducts were of better quality and matching fragments with the protonated ions. Nevertheless, the limited stability of the sodium adducts for both prenylated and glycosylated species during fragmentation limited their applicability. Therefore, it was decided to continue with the lithium adduct to create a cIMSCCSN2 library.
Creating a cIMSCCSN2 library for lithiated substituted (iso)flavonoids
When using LC-MSn approaches to identify isomeric substituted (iso)flavonoids, incomplete chromatographic separation may result in mixed fragmentation spectra, leading to tentatively identified (level 3), unidentified, or misidentified compounds. The determination of their CCS values and the generation of a library can help to achieve and strengthen identification in complex extracts. The identification confidence level system from Schymanski et al. (2014) and Boatman et al. (2025) was adopted (39). When using a CCS library, the identification confidence can be improved from level 3 to level 2. In this section, a cIMSCCSN2 library was made of the lithium adducts of the substituted (iso)flavonoid standards by determining the cIMSCCSN2 values using cIMS-MS. In Figures 2, 3, and 4, the measured triplicates of cIMSCCSN2 values of the glycosylated and prenylated (iso)flavonoids, and (iso)flavonoid aglycones are plotted, respectively. The compounds are ordered according to their isomer pairs or sets to visualize the differences in cIMSCCSN2 between the isomers. An isomer pair consists of two isomers, and an isomer set consists of more than two isomers. In Tables S3 - S5 (supplementary information), all measured cIMSCCSN2 values, including the individual measurements on different days, can be found. In Tables S6 - S8 (supplementary information), all isomer pairs can be found including the results of their comparison by one-way ANOVA.
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Figure 2: Inter-day triplicate determinations of the cIMSCCSN2 values (in Å2) of the lithium adducts of all glycosylated (iso)flavonoids. The compounds within each isomer pair or set are presented next to each other and are separated by thick vertical lines.
For the glycosylated (iso)flavonoids, 27 compounds present in eight isomer sets were compared in pairs, which represented 38 isomer pairs in total. All their chemical structures, as well as their cIMSCCSN2 values and theoretical m/z values, are visualized in Figure S6. As expected, it was observed that all (iso)flavonoids substituted with disaccharides or with two monosaccharides have larger cIMSCCSN2 values than those substituted with one monosaccharide. For some compounds (e.g., naringenin-7-O-rutinoside), two peaks were detected, indicating that diastereomers were present in our standards. To confirm this, we performed 1H NMR and 2D COSY NMR analysis on these standards. Our results were identical to those reported by Maltese et al. (2008) (46), showing a doublet of doublets at 5.49 ppm in 1H NMR, confirming the presence of diastereomers with different stereo configurations (R/S) at C-2 in a 1:1 ratio (Figure S7, supporting information). The individual diastereomers could not be identified due to their similar fragmentation spectra and lack of reference DTIMSCCSN2 values. Therefore, these diastereomers are denoted as stereoisomer 1 (the first peak in the mobilogram) and stereoisomer 2 (the second peak in the mobilogram).
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Figure 3: Inter-day triplicate determinations of the cIMSCCSN2 values (in Å2) of the lithium adducts of all prenylated (iso)flavonoids. The compounds within each isomer pair or set are presented next to each other and are separated by thick vertical lines.
For the prenylated (iso)flavonoids, 17 compounds, whereof 9 isomeric compounds present in three isomer sets were compared, which represented 9 isomer pairs in total (Figure 3). All their chemical structures, as well as their cIMSCCSN2 values and theoretical m/z values, are visualized in Figure S8. Mono- and diprenylated (iso)flavonoids consistently possess lower cIMSCCSN2 values compared to mono- and diglycosylated (iso)flavonoids. Similar to what was observed for the mono- and diglycosylated (iso)flavonoids, diprenylated (iso)flavonoids have higher cIMSCCSN2 values than monoprenylated (iso)flavonoids with the same (iso)flavonoid aglycone. 
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Figure 4: Inter-day triplicate determinations of the cIMSCCSN2 values (in Å2) of the lithium adducts of all (iso)flavonoid aglycones. The compounds within each isomer pair or set are presented next to each other and are separated by thick vertical lines.
For the (iso)flavonoid aglycones, 7 compounds, whereof 6 isomeric compounds present in three isomer pairs, were compared (Figure 4). All their chemical structures, as well as their cIMSCCSN2 values and theoretical m/z values, are visualized in Figure S9. From these results and structures, one trend was found: a difference of B-ring position (apigenin [flavonoid] vs. genistein [isoflavonoid]) gives a larger difference in cIMSCCSN2 than a different -OH position (kaempferol vs. luteolin). 
All compounds were measured as inter-day triplicates and the reproducibility was excellent with an average relative standard deviation (RSD) of 0.03 % and an average standard deviation (SD) of 0.07 Å2. All cIMSCCSN2 values can be found in Tables S3 - S5 within the supporting information. Because the variation in cIMSCCSN2 is compound independent and purely instrumental, the average CI of 0.165 (calculated from all individual CI values over the entire compound set (n = 51)) was used to establish the boundaries of each cIMSCCSN2 value. The one-way ANOVA and the additional check with the total average CI interval of 0.330 (i.e., 2 × 0.165) were used to evaluate whether the differences between all isomers were significant (p-value below 0.05) and large enough to use their cIMSCCSN2 values within the library (Table S6 - S8, supporting information). Based on this, three isomer pairs (i.e., kaempferol-3-O-galactoside / luteolin-8-C-glucoside, naringenin-7-O-rutinoside stereoisomer 1 / naringenin-7-O-rutinoside stereoisomer 2, genistein-7-O-glucoside / apigenin-7-O-glucoside) were not significantly different from each other. Thus, 47 of the 50 isomer pairs can be distinguished from each other based on their cIMSCCSN2 values. A cIMSCCSN2 library consisting of 51 compounds in total was successfully made for identification purposes in real samples, whereof 37 cIMSCCSN2 values can be used for level 2 identification and 14 cIMSCCSN2 values can be used for level 3 identification. The 37 cIMSCCSN2 values suitable for level 2 identification originate from isomer pairs that were significantly different based on the total average CI interval. The 14 compounds suitable for level 3 identification originate from the isomer pairs that were not significantly different based on the total average CI interval, namely four compounds from two isomer pairs and all stereoisomer pairs (10 compounds in total). An overview can be found in Table S9 and S10 within the supplementary information. It is important to note that the classification into suitability for level 2 or 3 identifications is only based on the set of 51 compounds included in our cIMSCCSN2 library. This means that in complex samples, it is possible that another molecule or even another isomer outside of our library (e.g., luteolin-5-O-glucoside) may have a (highly) similar cIMSCCSN2 value compared to the compounds in the library, complicating the identification. Therefore, CCS values should always be combined with additional parameters from LC-MSn analysis, such as retention times and fragmentation spectra, to achieve the highest possible identification confidence of unknowns in complex food extracts. In untargeted analysis of complex (food) extracts, it would also be beneficial to apply multiple Gaussian fits of the mobilograms as it is likely that there will be cases in which multiple peaks are present. Multiple Gaussian fits would improve the accuracy of CCS determination when peak separation is incomplete. In the current work, a single Gaussian fit was sufficient, due to the lack of shoulder peaks or unresolved peaks in our mobilograms. 
CCS is a physicochemical property, which is not instrument-dependent and should thus be reproducible interlaboratory (47). From our results, it is clear that single pass acquisitions would not provide enough resolution to perform accurate CCS determinations for the isomers in our compound set. Therefore, single pass CCS determination approaches are not suitable for building a library or to increase confidence in compound annotation amongst isomers. When comparing our cIMSCCSN2 values to reported CCS (DTIMSCCSN2 or TWIMSCCSN2 or TIMSCCSN2) values for some of these compounds in literature, no concrete comparison could be made due to two main reasons. The first reason is that we used lithium adducts, while CCS values reported in literature were based mostly on protonated and deprotonated ions ([M+H]+ and [M−H]−), which results in different gas-phase conformations and thus CCS (48–50). More interestingly, we encountered charge site isomers for (de)protonated ions after applying more passes (Figure S2, supporting information). This emphasizes the necessity to check for charge site isomers with individual standards, as otherwise this can lead to inaccurate CCS values and potentially false identifications. Besides this, formation of adducts can greatly enhance IMS separation as shown by our results and literature (31,43,45). Thus, the use of adducts is crucial for application of CCS for identification. Therefore, future CCS determinations for compounds in various classes must be performed with various adducts to expand the CCS values available for matching and standardize adduct usage in IMS. The second reason is that different calibrants are used (e.g., Waters Major Mix and Agilent Tune Mix) between laboratories, which can lead to differences in intra- and interlaboratory results as shown in literature (51–53). From such studies in literature, it can be concluded that the average intra- and interlaboratory reproducibility (~ 1% RSD) when using different IMS systems and calibrants is currently too high to confidently distinguish isomeric species that are close in CCS (Δ CCS < 1 Å2). For these reasons, it would be necessary in the future to perform interlaboratory reproducibility studies to ensure that only reliable CCS values are included in dedicated online libraries, such as METLIN and LIPID MAPS (Ion Mobility Database) (54–60). These interlaboratory studies should include fragmentation and CCS determination of multiple adducts for all compound classes. In addition, the use of a specific calibrant for each compound class needs to be generalized. It has indeed been observed that using a tailored calibrant, comprising molecules with similar physical properties compared to the compounds of interest, improves the accuracy of the CCS values. This is mainly due to the different forces exerted on the calibrant and analyte ions in TWIMS separation, such as the ion–dipole interactions due to polarizability of the N2 drift gas, which cause their arrival times to scale differently with TWIMSCCSN2 (61). Thirdly, generalized rules on data processing and open-source tools should be established, as differences occur between the peak picking attributes of various vendor software packages, which increases interlaboratory variation. 
Proof of concept: Identification of substituted (iso)flavonoids in licorice roots
Licorice root extracts contain a large diversity of compounds, including many (iso)flavonoids. Within our laboratory, an EtOAc extract of licorice roots was previously characterized by LC-MSn analysis, with a focus on level 2 and 3 identifications of prenylated (iso)flavonoids by using a fragmentation-based decision tree (12). To explore whether cIMS-MS can be used to strengthen these identifications from level 3 to level 2, a proof of concept experiment was performed. Based on the published level 3 identifications, five compounds (isoliquiritigenin, isoliquiritigenin-4-O-apioside, liquiritigenin-4-O-apioside, 3-OH-glabrol, and glabrol) were selected and expected to match with compounds in our library and these were targeted in an initial LC-MS2 screening analysis. This screening was followed by fractionation and subsequent off-line analysis by direct infusion cIMS-MS to determine their cIMSCCSN2 values. This approach was used for two reasons. Firstly, without LC separation or fractionation, the compounds of interest would be suppressed by more abundant compounds from the extract matrix. Secondly, these analyses cannot yet be performed via on-line LC-cIMS-MS due to instrument and software limitations. Ideally, all data for LC-MS screening and LC-cIMS-MS2 targeted acquisitions could be gathered with an on-line approach. Currently, this is not possible, because the ion intensity in the racetrack cannot be controlled automatically. Ion intensity control using the DRE lens is essential due to space charge effects inducing shifts in drift time at ion intensities higher than 2.0 x 104 (43). Additionally, data-dependent acquisition cannot be combined with cIMS acquisition in the current acquisition software version. Therefore, it was decided to fractionate the licorice extract with LC, and to measure the fractions with off-line direct infusion cIMS-MS analysis to separate potential isomers of the compounds of interest. This approach should be considered to be a temporary solution, as we expect that acquisition software improvements by the vendor will solve current limitations and allow for achieving multi-pass CCS determination via on-line LC-cIMS-MS analyses. The LC-MS chromatogram of the EtOAc licorice root extract is shown in Figure S10 within the supporting information. In Table 1, the experimental cIMSCCSN2 values of the targeted compounds were compared with those from the library cIMSCCSN2 values obtained in this work (previous Section).


 Table 1: Experimental cIMSCCSN2 values of the compounds analyzed in the targeted LC fractions from the licorice root extract, compared with the library cIMSCCSN2 values taking into account the average CI ± 0.165.
	Compounds in selected LC fractions
	Experimental cIMSCCSN2 ( Å2)
	Library cIMSCCSN2 ( Å2)

	Isoliquiritigenina
	171.02
	171.13

	Liquiritigenin
	176.37
	176.39

	Isoliquiritigenin-4-O-glucoside
	215.21
	215.28

	Isoliquiritigenin-4-O-apiosidea
	234.04
	234.10

	Liquiritigenin-4-O-glucoside (stereoisomer 1)
	194.30
	194.30

	Liquiritigenin-4-O-glucoside (stereoisomer 2)
	194.66
	194.70

	Liquiritigenin-4-O-apiosidea (stereoisomer 1)
	220.21
	220.29

	Liquiritigenin-4-O-apioside (stereoisomer 2)
	222.54
	222.49

	3-OH-Glabrola 
	222.64
	222.74

	Glabrola
	200.80
	200.86


a: Compounds selected based on previous level 3 identifications in the EtOAc extract of licorice roots (12). For liquiritigenin-4-O-apioside, the stereo configuration was not indicated in this previous work. 
From the results in Table 1, it can be seen that the determined cIMSCCSN2 values of all the targeted compounds in each fraction matched with the cIMSCCSN2 library values. Thus, by obtaining their cIMSCCSN2 using LC-cIMS-MS, these compounds present in the licorice root extract could now be identified with confidence level 2, whereas they could only be identified with confidence level 3 using LC-MSn in previous work (12). It has to be noted that level 1 identification could also have been achieved in these cases, as we possessed the corresponding reference standards. However, as those are usually lacking or unavailable when analyzing unknowns in complex food extracts, we did not use them in this experiment in order to make this proof of concept experiment as realistic as possible. In addition, some of these compounds (i.e., liquiritigenin, isoliquiritigenin-4-O-glucoside, and liquiritigenin-4-O-glucoside) were not annotated at all within the previous study on this extract (12), likely due to their premature elution or peak overlap in that study, as they used a different LC gradient. These compounds were not specifically targeted for fractionation, but were included due to their sufficiently high concentrations within the fractions. Two of the compounds, liquiritigenin-4-O-glucoside and liquiritigenin-4-O-apioside, showed presence of a second peak during cIMS separation. For the corresponding standards, the presence of stereoisomers was already observed during the development of the cIMSCCSN2 library. Within the licorice root extract, the same peaks were observed and their cIMSCCSN2 values were matched, resulting in level 3 identification. The identification of these new compounds highlights that cIMS-MS complements LC-MS, and demonstrates how cIMSCCSN2 can support substituted flavonoid identification (either level 2 or 3). In addition, even when isomers can be separated by LC, they can have identical fragmentation spectra; in such case, cIMSCCSN2 can provide additional information to improve the identification from level 3 to level 2, or even level 1, when a reference standard or an in-house library CCS value is available for matching. 
Regarding future applications, the acquisition software needs to be improved to enable automatically control of the ion intensity in the race track using the DRE lens. When this limitation has been addressed, the autosampler of the LC could be used to automate all cIMS-MS acquisitions for CCS determination, which would facilitate much faster and more efficient library building. In addition, this would allow CCS determination using online LC-cIMS-MS. However, the feasibility of acquiring all data for CCS determination via an LC-cIMS-MS approach depends on both the time needed for all the necessary cIMS acquisitions and the chromatographic peak width. With the current number of cIMS acquisitions used for CCS determination (i.e., 12 acquisitions ranging from 0.01 till 325 ms), the total acquisition time (including time needed for injection into the racetrack and ejection  to the TOF) is 1805 ms. Considering the current widths of the chromatographic peaks (15 seconds on average), it would be possible to perform CCS determination within a single analytical run. Each chromatographic peak would then have eight scans, which is sufficient to describe the peak shape. However, more scans per chromatographic peak could be favorable depending on the quality of separation needed between adjacent peaks. This could be achieved by decreasing the number of cIMS acquisitions used for CCS determination, in combination with increasing the chromatographic peak width by reducing the LC flow rate or gradient steepness. Therefore, incorporating multi-pass CCS determination in LC-MS approaches has great potential to contribute to unravelling complex food extracts.
Future perspectives for the identification of unknowns using cIMS-MS
The cIMS-MS instrument can also be used for specific strategies to gather more information for the potential level 3 identification of an unknown compound. For most substituted (iso)flavonoids, the (iso)flavonoid aglycone can be observed as a fragment ion after applying fragmentation. The cIMSCCSN2 value of this fragment can subsequently be determined, allowing level 2 identification of the (iso)flavonoid aglycone based on the CCS and further fragmentation of the aglycone. Based on this principle, a pre-cIMS trap fragmentation strategy was designed to allow cIMSCCSN2 determination of the (iso)flavonoid aglycone as follows: The substituted precursor ion was isolated in the quadrupole, subjected to pre-cIMS trap fragmentation, and the fragments were separated by cIMS to determine their cIMSCCSN2 values. Hereafter, the experimental cIMSCCSN2 values can be matched with the cIMSCCSN2 library values of (iso)flavonoid aglycones. To demonstrate the potential of this specific strategy, a proof of concept experiment was performed. The following four different standards were used: 7-O-prenylgenistein, kaempferol-3-O-glucoside, luteolin-4′-O-glucoside, and luteolin-8-C-glucoside. The strategy is visualized in Figure S11 and the results are shown in Table 2.
Table 2: Experimental cIMSCCSN2 values of the (iso)flavonoid aglycone fragments of 7-O-prenylgenistein, kaempferol-3-O-glucoside, luteolin-4′-O-glucoside, luteolin-8-C-glucoside determined by applying pre-cIMS trap fragmentation as a proof of concept. The measured cIMSCCSN2 values were compared with the cIMSCCSN2 library values (CI ± 0.165).
	(Iso)Flavonoid aglycone fragments after trap fragmentation
	Experimental cIMSCCSN2 (Å2)
	Library cIMSCCSN2 (Å2)

	7-O-Prenylgenistein
	163.97
	163.90

	Kaempferol-3-O-glucoside
	172.97
	173.06

	Luteolin-4′-O-glucoside
	173.61
	173.69

	Luteolin-8-C-glucoside
	173.62
	173.69



The experimental cIMSCCSN2 values matched with the library cIMSCCSN2 values. This experiment shows that cIMSCCSN2 values of fragments can also be successfully determined, which enables level 2 identification of substructures, in this case the (iso)flavonoid aglycone. When combining these CCS measurements of the aglycones with parameters such as retention times and fragmentation spectra, compounds that were previously identified as level 3 (e.g., genistein-7-O-glucoside / apigenin-7-O-glucoside, Table S9 and S10), can now also be distinguished and identified as level 2. We selected our full compound set to feature a large diversity of substituted flavonoids with the same aglycone rather than many different aglycones, therefore, there are only a limited number of aglycones in the current compound set. In future research, this strategy should be applied and validated with a set of compounds including a wider diversity of aglycones.
Another application of a pre-cIMS trap fragmentation strategy is the identification of the glycosyl moiety of glycosylated (iso)flavonoids, which is challenging based on fragmentation spectra only, as isomerism already exist within monosaccharides (e.g., glucose and galactose) resulting in identical fragments. Therefore, another experiment was done with kaempferol-3-O-glucoside and kaempferol-3-O-galactoside with pre-cIMS trap fragmentation, aimed at determining the cIMSCCSN2 value of the attached saccharide. These results are shown in Figure 5. The fragmentation of these compounds did not give a stable fragment ion of the monosaccharide, but yielded a dehydrated fragment instead. For such dehydrated fragments, isomers were observed, thus complicating the identification of the glycosyl moiety based on cIMSCCSN2 (62,63). Nevertheless, the complete profile of the peaks in the mobilograms differed between the dehydrated glucose and galactose fragments. This difference in profiles could potentially be used for level 2 identification of the glycosyl moiety by comparing to reference mobilograms obtained from monosaccharide standards using the same methodology and alongside the samples to avoid intra- and inter-days shifts in arrival time. Unfortunately, this approach was unsuccessful, as the profile of the dehydrated fragment from monosaccharide standards was different compared to the profiles of the dehydrated monosaccharide fragments from kaempferol-3-O-glucoside and kaempferol-3-O-galactoside. This might be related to differences in fragmentation pathways between the monosaccharide standard and the glycosyl moiety attached to the aglycone backbone. To evaluate the impact of the aglycone backbone, multiple O-glycosylated (iso)flavonoids with different aglycones and substitution positions containing a glucosyl moiety were measured. Highly similar profiles of the dehydrated glucose fragments were observed in all cases as visualized in Figure S12, indicating that these profiles could be used for level 2 identification of glucose. For C-glycosylated (iso)flavonoids, this was not possible, as the (dehydrated) monosaccharide fragment was not formed. This approach should also be validated for O-glycosylated (iso)flavonoids with other monosaccharide substituents (e.g., galactose) in the future, to investigate its applicability to identify the glycosyl moieties of diverse glycosylated (iso)flavonoids in complex extracts using cIMS-MS. Unfortunately, the commercial availability of glycosylated (iso)flavonoid standards is currently lacking. Overall, the specific cIMS-MS strategy including pre-cIMS trap fragmentation provides powerful additional information, which can be used for level 2 identification of the aglycone and possibly the attached saccharide of substituted (iso)flavonoids. Thus, these strategies can contribute to strengthening the identification of unknown substituted (iso)flavonoids in real samples.
[image: ]
[bookmark: _Toc199843749]Figure 5: Application of the pre-cIMS trap fragmentation strategy to distinguish the glycosyl moiety of flavonoid glycosides. (A) Kaempferol-3-O-glucoside and (B) kaempferol-3-O-galactoside were isolated with the quadrupole and fragmented using trap fragmentation at 30 V. TW settings for the cIMS separation were adjusted to a TW height of 35 V and a TW velocity of 1500 m/s for optimal separation of the monosaccharides. Multi-pass acquisitions (25 ms) were done for all ions (including the dehydrated monosaccharide fragment of m/z 169.06) within the racetrack. Extracted ion mobilograms show the profiles of the dehydrated Glc and Gal fragments.
Despite using specific cIMS-MS strategies to gain more structural information related to an unknown compound by level 2 identification of substructures, level 1 identification of an unknown compound using cIMSCCSN2 libraries remains challenging. Indeed, for level 1 identification, the dependency on standards that should either be commercially available, synthesized, or purified from plants in-house still exists. A potential solution would be in silico atomistic modelling of compounds, to predict their CCS values, resulting in theoretical values denoted as TMCCSN2 values. Reliably determined theoretical values can be used to populate libraries for matching with experimental CCS values. However, to the best of the authors’ knowledge, sufficiently accurate calculation of TMCCSN2 values of substituted (iso)flavonoids to support level 1 identification via matching with their experimental CCS values has not yet been achieved. Multiple studies have experimented with various approaches resulting in mixed results for different classes of compounds (64–67). For example, cIMSCCSN2 and TIMSCCSN2 values of several adducts of cannabinoid and steroid isomers were experimentally and theoretically determined and compared (66,67). Herein, it was found that the order in CCS was not always comparable between experimental and theoretical values. It was also stated that the calculations face an intrinsic limitation due to empirical selection of possible conformations, which might be solved by using molecular dynamics (MD) simulations to obtain an unbiased set of conformations (66). 
Following the recommendations from literature (64–67), we conducted MD simulations on the library of 51 (iso)flavonoids discussed in this paper to assess whether molecular modelling using a classical force field could strengthen confidence in compound identification. Lithium adducts were subjected to conformational search using quenched dynamics to identify the a priori most stable conformer, which was then used as a starting point for a MD simulation in vacuo. The TMCCSN2 values of 101 conformers from this final simulation were then computed and averaged. The theoretical TMCCSN2 values are compared with their experimental counterparts in Figure 6. In Table S11, all average cIMSCCSN2 and TMCCSN2 values and their deviations (%) can be seen. Table S12 shows the average cIMSCCSN2 and TMCCSN2 values of the stereoisomer cases and their deviations (%).
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Figure 6: Correlation between experimental cIMSCCSN2 and theoretical TMCCSN2 values for all substituted (iso)flavonoids from the library except for the stereoisomer cases. Dots correspond to TMCCSN2 values averaged over 101 conformers extracted from a molecular dynamics simulation and error bars correspond to the standard deviation. The grey dashed line is solely a visual guideline corresponding to a perfect match between experimental cIMSCCSN2 and theoretical TMCCSN2 values (x = y). 
The computed TMCCSN2 values are almost always overestimated compared to experimental cIMSCCSN2 values, with an overall reasonable agreement (5.3 % average deviation). The TMCCSN2 values of glycosylated flavonoids generally have the highest standard deviations and feature the largest deviation between cIMSCCSN2 and TMCCSN2 values, which can be due to the inherent flexibility of those systems, thereby making the search for the lowest energy conformer(s) difficult. In addition, the stereoisomer cases (Table S11) were not included in Figure 6 and in the calculation of the average deviation, as it was not possible to differentiate the R- and S- configuration. The discrepancy between theory and experiments could arise from a number of reasons, including (i) a suboptimal force field that does not accurately describe the conformation of ionized (iso)flavonoids in the gas phase; (ii) approximations during the computation of TMCCSN2 values; (iii) ion activation in the cIMS instrument that generates conformations, which do not necessarily correspond to the lowest energy conformers; or (iv) an ambiguity between the formation of lithium adducts ([M + Li]+) and the formation of protonated ions bearing a lithium alkoxide function ([M + (Li-H) + H]+) during ionization. This underlines that the development of joint experimental and theoretical workflows is not trivial. In future work, development of robust standardized modelling methodology will be essential to enable the use of predicted CCS values for identification of unknowns. To this end, a thorough benchmarking of modelling approaches (classical force fields, semi-empirical approaches) is needed. Novel modelling approaches for conformational searches are being reported (68,69), yet these still have to be adopted by the IMS-MS community to build reliable workflows for comparison of experimental and theoretical CCS values that can potentially be used for the identification of unknowns.
Conclusion
In this study, a cIMS-MS method for the separation and identification of substituted (iso)flavonoids was developed. For protonated and deprotonated ions, charge site isomers and instability were observed, making them unsuitable to use in a dedicated approach. From comparing lithium and sodium adducts, lithium was chosen due to formation of more stable fragments than sodium, and fragmentation patterns that were comparable to protonated ions, which are most commonly reported in literature. A cIMSCCSN2 library containing 51 cIMSCCSN2 values of lithium adducts was made, whereof 37 cIMSCCSN2 values can be used for level 2 identification, and 14 cIMSCCSN2 values can be used for level 3 identification. A proof of concept experiment using a targeted off-line LC-cIMS-MS analysis of a licorice root extract led to the level 2 identification of all targeted compounds via comparison of their cIMSCCSN2 values to library cIMSCCSN2 values. This work reveals the complementary strength of cIMS-MS and LC-MS, and the benefit of using CCS as an additional parameter to identify substituted flavonoids both in targeted and untargeted analyses. Furthermore, a pre-cIMS trap fragmentation of prenylated and glycosylated (iso)flavonoid can be used to determine cIMSCCSN2 values of the corresponding aglycones and potentially of the dehydrated fragments of monosaccharide moieties for level 2 identification purposes. In addition, a modelling approach was explored, revealing the potential of integrating molecular dynamics simulations for CCS prediction and potential identification of unknowns. To conclude, the cIMSCCSN2 library and additional specific cIMS-MS strategies can be used to further strengthen the identification of substituted (iso)flavonoids in complex samples.
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