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Abstract:  

The microbiome and immune system of infants are shaped by various bioactive components of 
human breastmilk, notably human milk oligosaccharides (HMOs). HMOs represent the third 
component of breastmilk and exhibit extremely high structural diversity with many isomers. Here, we 
propose a high throughput and high resolution approach to characterize main oligosaccharides 
present in breastmilk with high identification level thanks to ion mobility spectrometry. Four pairs of 
standard HMO isomers, that are (LNT/LNnT), (LNFP I/LNFP V), (3’-SL/6’-SL) and (2’-FL/3-FL), were first 
investigated under both positive and negative ionization mode using direct injection-trapped ion 
mobility spectrometry-time-of-flight mass spectrometry (TIMS-TOF). By examining all the ionic 
species formed (i.e. protonated and deprotonated ions as well as adduct species), every isomer pair 
could be distinguished through the separation of at least one species, even with a small difference in 
collision cross section values (as small as 1.5%) thanks to the flexible resolution capacity of the TIMS 
instrument. Although multiple mobility peaks resulting from different glycan anomeric conformers, 
open-ring and/or different ionic isomer structures (i.e. various charge site locations), could be 
observed for some HMO species. The reduction at the reducing-end of HMOs did not significantly 
facilitate the isomer distinction. Finally, the unambiguous identification of the studied HMOs in a 
breastmilk sample showed the potential of the approach combining ion mobility separation and 
MS/MS experiments for high throughput distinction of HMO isomers in complex breastmilk samples 
without laborious sample preparation. 
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1. Introduction 

Breastmilk is the primary source of nutrition for neonates and its biochemical characterization is 

therefore of great interest. Human milk oligosaccharides (HMOs) are the third most abundant 

component in breastmilk after lactose and lipids and their concentration ranges from 23 to 5 g/L in 

colostrum (first milk produced after birth) and mature breastmilk, respectively.1–3 HMOs are 

indigestible by the gut of developing infants and instead target bacteria in the neonate large intestine 

and colon. Thus, HMOs greatly influence the microbiome composition and functions.1,4 They also 

appear to protect breastfed infants against microbial infections, acting as a decoy receptor, and to 

help the development of their immune system.3,4 All these functions show the need for in-depth 

HMO analysis.5 Nevertheless, the oligosaccharide characterization constitutes a great analytical 

challenge due to the large structural diversity of this compound class. The basic structure of HMOs 

includes a lactose core at the reducing end, elongated with at least one of five distinct building 

blocks: D-glucose, D-galactose, N-acetylglucosamine, L-fucose, and N-acetylneuraminic acid (sialic 

acid) (see Scheme 1). Despite a limited number of monosaccharide building blocks, their combination 

can yield over 100 structures for a single mother and up to 200 HMOs considering breastmilks from 

multiple mothers.5,6 This heterogeneity results from the composition (type of monosaccharide 

building blocks), the connectivity (position of the glycosidic bond, linear or branched sequence) and 

the configuration (stereochemistry of the glycosidic bond) of the oligosaccharides.   

Various analytical tools have been employed for the characterization of oligosaccharides7,8 and in 

particular HMOs,6,9 including Nuclear Magnetic Resonance (NMR) spectroscopy and mass 

spectrometry (MS). MS is mostly used, especially for complex breastmilk sample analyses thanks to 

its high sensitivity.5,7,8 In addition, capillary electrophoresis (CE) has also been widely employed with 

laser induced fluorescence (LIF)10 or MS11 as well as liquid chromatography (LC) hyphenated with 

MS.7 Reversed phase (RP), hydrophilic interaction LC (HILIC) and porous graphitic carbon (PGC) are 

commonly used in LC/MS analyses. Currently, PGC-MS is considered as the most efficient HMO 

separation platform.7 Tandem mass spectrometry (MS/MS), in conjunction with (or without) LC, is 

also essential in structural elucidation, providing the elemental composition determination and 

connectivity of saccharide residues and in a few cases their configuration.6,7 Additionally, semi-

quantitative or quantitative analyses can be performed through multiple reaction monitoring (MRM) 

using LC/MS platform as proposed by Mank et al.12 and Csernák et al.13 Currently, more than 200 

HMO structures have been characterized from breastmilk samples in term of accurate mass 

measurements, retention times and fragmentation patterns.14,15 These hyphenated methods allowed 

to produce HMO fingerprints and to investigate the relations between infant and maternal 

characteristics.16,17 For example, they allowed to classify breastmilks according to the HMOs 

found.3,16  HMO profiles mainly depend on the secretor status and Lewis blood group of the 

mother.16,18 Secretor mothers yield breastmilk containing α(1,2)-fucose HMOs, while non-secretors 

do not. This status can drastically affect the substrates available for the microbiota, and thus the 

composition of the infant gut microbiota. The ratio of secretors/non-secretors varies by ethnicity and 

geography.5   

Even if in-depth work has been carried out on glycans and more specifically in HMO analysis, some 

bottlenecks are still present. First, widely used hyphenated techniques generally require relatively 

long analysis times (10–60 min) and extensive sample preparation. More importantly, the 

characterization of HMO structures, especially the resolution of isomers in very complex mixtures, 

remains challenging.  
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Ion mobility separation based on the migration of gas phase ions under the effect of a low electric 

field19 constitutes an attractive separation technique complementary to conventional LC/MS and 

CE/MS platforms to characterize complex glycan structures.20–22 Jin et al.23, for example, 

demonstrated the ability of ion mobility-mass spectrometry (IM-MS) to resolve the structural 

complexity of some isomeric glycans, which is not possible by LC/MS alone. Indeed, ion mobility 

coupled with mass spectrometry has many advantages, the main one being its ability to characterize 

a large range of positional isomers, conformers but also stereoisomers.24,25 In addition, IM-MS 

analyses proceed in a high throughput fashion (a couple of minutes). In some cases, ion mobility 

separation can be a way to facilitate interpretation of complex samples by revealing the presence of 

minor compounds from biological matrices.26 Moreover, ion mobility separation provides a new 

highly reproducible data feature to ascertain the compound identification: the collision cross section 

(CCS)27 and in that respect, efforts have been made to provide CCS databases for the glycan 

analyses.28,29 High separation capacity can also be achieved through the incorporation of LC 

separation into IM-MS instrumentation, allowing a comprehensive three-dimensional (3D) 

analysis.30,31 Finally, similar to LC/MS, tandem mass spectrometry can be incorporated into the 

classical IM-MS platform to produce IM-MS/MS analyses, improving the structural characterization 

level by the acquisition of CCS and of fragmentation patterns in a single experiment.20,23,32  

Previous works demonstrated the potential of ion mobility to resolve isomeric oligosaccharides 

despite their small structural differences. Nevertheless, sophisticated methods are usually required, 

in which ion mobility separation was combined with chemical covalent derivation,33 gas phase 

adduct,28,34-37 and/or complex ion production38 as well with prior tandem mass spectrometry 

experiments.39,40 Recent technical innovations, such as TIMS,32,41 Structures for Lossless Ion 

Manipulations (SLIM),42 or cyclic Travelling Wave Ion Mobility Spectrometer (cTWIMS),43,44 have 

strongly improved the carbohydrate characterization, by increasing the ion mobility separation 

capacity.  

In the present study, high throughput characterization of HMOs was investigated using high 

resolution trapped ion mobility spectrometry-time of flight mass spectrometry (TIMS-TOF). Few IM-

MS studies focused on HMOs have been performed,28,32,34,36,42 and rarely with the objective of their 

direct characterization in a complex matrix. We can only cite the work of Struwe et al.45 who studied 

two sets of HMO isomers isolated from milk to evaluate the impact of charge location using IM-MS 

experiments and ab initio molecular dynamics. Here, the separation of the HMO isomers was 

examined in both negative and positive ionization modes. Four isomer pairs of HMOs commonly 

found in breastmilk samples were studied: i) lacto-N-tetraose (LNT) and lacto-N-neotetraose (LNnT) 

(connectivity isomers: β1,3 versus β1,4 linkage), ii) lacto-N-fucopentaose I and V (LNFP I and LNFP V) 

(positional isomers: different fucose positions), iii) 2’-fucosyllactose (2’FL) and 3-fucosyllactose (3FL) 

(positional isomers: different fucose positions), iv) 3’-sialyllactose (3’SL) and 6’-sialyllactose (6’SL) 

(connectivity isomers : α2,3 versus α2,6 linkage). Despite the presence of multiple mobility features 

for some HMO species, which makes difficult the identification of these isomers, all isomer pairs 

could be distinguished by considering well-separated HMO species in a global fingerprint. 

Additionally, the effects of reduction at the reducing end were examined. An overall loss of 

sensitivity was observed under such conditions while no major improvement in the ion mobility 

separation or decrease in the number of mobility peaks could be obtained. Finally, the application of 

IM-MS eventually with MS/MS studies for the direct characterization of HMO isomers in complex 
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matrices was evaluated. To the best of our knowledge, our work constitutes the first study reporting 

the direct IM-MS analysis of native HMOs in a breastmilk sample.   

2. Experimental Section 

2.1. Chemicals and samples  

A Select HP water purification system (Purite France eau, Lormont, France) was used to produce 

ultrapure water with resistivity of 18.2 MΩ.cm. Acetonitrile (ACN, UHPLC grade) was purchased from 

VWR Chemicals (Fontenay sous Bois, France). Lithium chloride (LiCl), glacial acetic acid, formic acid 

and sodium borohydride (NaBH4) were obtained from Sigma-Aldrich (Saint Quentin Fallavier, France). 

ESI-L low concentration tuning mix, a calibration solution (G1969-85000) was purchased from Agilent 

Technologies (Santa Clara, CA, USA). Lacto-N-tetraose (LNT), lacto-N-neotetraose (LNnT), lacto-N-

fucopentaose I and V (LNFP I and LNFP V), 3’-sialyllactose (3’-SL), 6’-sialyllactose (6’-SL), 2’-

fucosyllactose (2’-FL) and 3-fucosyllactose (3-FL) were acquired from Elicityl (Crolles, France) (see 

structures in Scheme 1).  

Oligosaccharide standards were studied at a concentration of 0.1 ng.µL-1 or 1 ng.µL-1 in ACN/H2O 

50:50 (v/v) in negative ionization and in ACN/H2O 50:50 (v/v) + 0.1 % formic acid or ACN/H2O 50:50 

(v/v) in positive ionization mode. Lithium chloride (LiCl) was added to enhance cationization (final LiCl 

concentration of 1 ng.µL-1) under positive ionization. 

Please insert Scheme 1 near here 

The mature breastmilk sample was collected from a healthy donor twelve weeks after parturition47 

and stored at -80 °C until analysis. Then 450 µL of water was added to 50 µL of breastmilk. The 

resulting mixture was centrifuged for 30 min at 3000xg to separate lipids. The lower-phase was 

collected and centrifuged again for 30 min.48 The obtained lower-phase was then diluted 500 times, 

corresponding to a final 1:5000 dilution of breastmilk in the appropriate solvent for IM-MS analysis. 

2.2. Oligosaccharide reduction48 

10 µL of HMO standard at 1 µg/µL was diluted by adding 90 µL of water. The resulting sample was 

then mixed with 100 µL of NaBH4 solution (1 M in 0.1 M NaOH) and incubated for 1 h at 37 °C. The 

solution was then neutralized by addition of 3 x 4 µL of glacial acetic acid and purified on a Pierce™ 

graphite spin column (10 mg; Thermo Scientific, les Ulis, France). The reduced standards were eluted 

3 times using the same 100 µL of H2O/ACN (50:50, v/v) solution, and 1 time with an additional 100 µL 

of H2O/ACN (50:50, v/v), thus leading to a final volume of 200 µL. Each reduced standard was further 

diluted for optimal MS analysis.  

2.3. Ion mobility spectrometry - mass spectrometry  

All IM-MS experiments were conducted on a trapped ion mobility spectrometer – quadrupole – time 

of flight (Bruker Daltonics, Bremen, Germany) using electrospray ionization (ESI) and direct infusion 

at a flow rate of 3 µL.min-1. All operating parameters from the ESI source to the ion mobility cell and 

mass spectrometer detection were optimized to ensure an optimal response of the studied HMO 

isomers. Nitrogen was used as both spray and drift gas. The dry gas, capillary temperature and 

nebulizer gas of the ion source were set at 3.0 L.min-1, 250 °C and 0.3 bar, respectively. The end plate 

offset was maintained at 500 V and the electrospray voltage at – 4500 V and + 3500 V in positive and 

negative ionization, respectively. For the TIMS analyzer, the Funnel 1 RF, Funnel 2 RF and deflection 

delta were fixed at 250 Vpp, 250 Vpp and +/- 80 V, respectively. To avoid TIMS saturation, the ion 
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charge control (ICC) was maintained at 2.0 Mio. The experiments were acquired in the 100 -

 1350 m/z range using variable mobility ranges (see below) with a transfer time of 70 µs and a pre 

pulse storage of 5 µs. All parameters were controlled through the oTof control software (Bruker 

Daltonics).  

TIMSCCSN2 values were determined from the reduced mobilities, K0, measured, through a calibration 

step. Thus, an external calibration for m/z values (in quadratic mode) and reduced mobilities (in 

linear mode) was carried out before each experiment series using the ESI-L low concentration tuning 

mix solution. The calibrant ions are detected in positive ionization at m/z 322.0481 (C6H19N3O6P3
+), 

m/z 622.0289 (C12H19F12N3O6P3
+), m/z 922.0098 (C18H19F24N3O6P3

+) and m/z 1221.9906 

(C24H19F36N3O6P3
+) with 1/K0 values of 0.736, 0.991, 1.199 and 1.393 V.s.cm-2, respectively. For the 

negative ionization, the calibrant ions are observed at m/z 301.9981 (C6H1F9N3O1
-), m/z 601.9790 

(C12H1F21N3O1
-), m/z 1033.9881 (C20H18F27N3O8P3

-) and m/z 1333.9689 (C26H18F39N3O8P3
-) with 1/K0 of 

0.669, 0.882, 1.258 and 1.407 V.s.cm-2, respectively. 

The repeatability and robustness of the ion mobility measurements were assessed. All the 

experiments were repeated on at least 3 different days and the mean TIMSCCSN2 values are reported 

with a maximum relative standard deviation (RSD) of 0.5 % and an average RSD value of 0.2%, for 

both ion source polarities. In addition, TIMSCCSN2 measurements are not impacted by the compound 

concentrations. All experiments were conducted for HMO standard concentrations of 0.1 ng.µL-1 and 

1 ng.µL-1 but some HMO analyses were also performed at 0.01 ng.µL-1 with no variations in TIMSCCSN2 

measurements.  

The mobility separation resolving power of the TIMS analyzer (see Equation 1) can be changed by 

modifying the scan rate over a defined mobility range.49 In our study, two types of IM-MS analysis 

were conducted: i) the first one could be qualified as a “global sample fingerprinting” where inverse 

reduced mobilities (1/K0) are collected into a range of mobilities of 0.55 – 1.90 V.s.cm-2 with a scan 

rate of 9.52 Hz, providing mobility resolving powers ranging from 50 to 80 (depending on the studied 

HMO) and ii) the second type refers to a “targeted analysis” focused on a specific m/z value using 

narrow mobility range detection (typically 0.10 to 0.32 V.s.cm-2) with a scan rate between 2 and 5 Hz 

and resolving power of 120 to 180. To perform a HMO global fingerprinting (the first IM-MS analysis 

type), a custom mode was applied and, the mobility range as well as the scan rate were manually 

optimized to cover the m/z range of 100-1350 (corresponding to CCS range of 100 to 450 Å2 

considering singly-charged ions).  

� =  
��

���

=  
���

����
 (1) 

The generated data were manually treated using Data Analysis 5.2 (Bruker Daltonics). All ion mobility 

spectra reported were extracted from a fixed m/z (mass to charge ratios) of the ionic specie 

considered. To evaluate the ion mobility separation efficiency, the difference in CCS values, ∆CCS% 

(see Equation 2), was considered as the best criterion for estimating the ion mobility separation 

capacity. Indeed, the commonly used resolving power was shown to underestimate the real 

separation capability of some ion mobility instrumentations (e.g., TWIMS).50  

∆CCS% =
CCS� − CCS�

average CCS�,�

� 100 (�� %)  (2) 
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3. Results and Discussion 

IM-MS analysis of four HMO isomer pairs (see Scheme 1), in native or reduced forms, in a standard 

mixture or in breastmilk, was conducted using both negative and positive ionization modes to 

investigate the analytical conditions for an optimal isomer separation (see experimental section). In 

negative ionization mode, deprotonated species, [M-H]-, are mainly produced as well as adduct 

anions, [M+Cl]- and [M+HCOO]-. For positive ionization conditions, the mass spectra display more or 

less abundant protonated molecules, [M+H]+, as well as abundant doubly-charged calcium adducts, 

[M+Ca]2+ and weak sodium adduct peaks, [M+Na]+. The addition of lithium salt was tested to 

promote the production of adduct ions under positive ESI conditions. Indeed, adduct ions have been 

reported to enhance mobility separation for various small size isomer compounds51-53 but also for 

glycans.28,34-37 Here, singly-charged [M+Li]+ and doubly charged [M+2Li]2+ adducts were detected for 

some compounds. With the lithium addition, the peak intensities of the [M+Na]+ ions were overall 

enhanced because the [M+H]+ forms were disfavored resulting in a strong decrease in their intensity.  

3.1. IM-MS analysis of native HMOs 

The mobility response and separation of all species formed for each native HMO standard were first 

investigated. A global sample fingerprinting was acquired using large mobility range detection 

(1/K0 = 0.55-1.90 V.s.cm-2, as global fingerprint) with limited mobility resolving power. More accurate 

analyses in term of resolution were then conducted by scanning narrow mobility ranges (as targeted 

analysis, see experimental section).  

Experimental TIMSCCSN2 values obtained from both source polarities are reported in Tables S1 and S2. 

To investigate more deeply the ability of the TIMS device to resolve HMO isomers, all pairs of isomers 

were analyzed as binary mixtures (see Figures S1 and S2). The ∆CCS% values obtained from the 

analyses of all the ionic species of the four isomer pairs are reported in Table 1 and represented as a 

heat map according to the experimental ion mobility spectra acquired for the isomer pair mixture. 

The baseline separation of compounds with ∆CCS% > 3.5% is easily obtained using the large mobility 

range conditions (i.e. global fingerprint) and the separation of isomers with ∆CCS% > 1.5% is 

achievable only by using the targeted mode with enhanced resolution.  

Please insert Table 1 near here 

For the global fingerprint, contrasting results are observed depending on the studied isomer pair and 

on the ionic species considered (see Figures S1 and S2). With resolving powers of about 50-80, 

baseline separation is only achieved for few species demonstrating the difficulty of characterizing 

such structurally-closed compounds. Figure 1 shows the best isomer separation for each HMO pair in 

positive and negative ESI modes. Overall, the distinction between the LNT and LNnT isomers is 

obtained for the [M+H]+, [M-H]- (see Figure 1) and [M+2Li]2+ forms (see Figure S1), a partial 

separation is also observed for the [M+Cl]- adducts (see Figure S2). Similarly, the LNFP I and LNFP V 

isomers can be well-separated as [M+H]+, [M-H]- (see Figure 1), [M+2Li]2+and also [M+HCOO]- ions , 

whereas a partial separation is obtained for the [M+Ca]2+ and [M+Cl]- adducts (see Figures S1 and S2). 

However, both 3’SL/6’SL and 2’FL/3FL pairs cannot be separated efficiently, with only partial mobility 

separation achieved for singly charged lithium adducts (see Figure 1). 

Please insert Figure 1 near here 

Targeted analyses using narrow mobility range detection were also conducted (see experimental 

section). These experiments allowed improving the ion mobility separation with resolving powers of 
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about 120-180, for all ionic forms of the HMO studied. Mobility responses for all LNT/LNnT ionic 

species with targeted analyses are shown in Figure 2. This isomer pair has been particularly 

investigated because it is not easily separated by conventional liquid chromatography14,15,48 and 

constitutes an interesting model of positional isomers.45 Under high resolution mobility conditions, 

the LNT and LNnT isomers are well-separated as [M+H]+, [M+2Li]2+, [M-H]- and [M-Cl]- species (see 

Figure 2). Good separation is also obtained for [M+HCOO]- ions whereas only partial separation is 

observed for the [M+Li]+ ions. However, the sodium adducts could not be separated and the calcium 

ions did not allow to reach an unambiguous identification (see Table 1).   

For the LNFP I/LNFP V pair, all adduct forms detected could be separated using a targeted analysis 

and the largest differences in mobility were obtained for the [M+H]+, [M+2Li]2+ and [M-H]- species 

(see Table 1, and their extracted ion mobility spectra in Figures S1 and S2). Importantly, better 

separation was obtained under high resolution mobility conditions for the 2’FL/3FL and 3’SL/6’SL 

pairs. The distinction of 2’FL/3FL isomers can be achieved by the baseline mobility separation of the 

[M+Li]+ and [M+Cl]- ions as well as by the partial separation for the [M+Na]+ and [M+HCOO]- adducts 

(see Table 1). In the same fashion, the 3’SL/6’SL isomers could be separated through the [M+Li]+ and 

[M-H]- species (see Figure 1 and Table 1) and a partial separation for [M+Na]+ adducts was observed 

(see Figure S1). 

Please insert Figure 2 near here 

These results are in accordance with the results already reported,34,45 i.e., a better mobility 

separation of the LNT/LNnT isomers as [M-H]- species is observed compared to the sodiated and/or 

protonated forms. In our study, the ∆CCS% value between the LNT and LNnT isomers is higher for 

the [M-H]- ions (∆CCS% of 5.8 %) than for the [M+H]+ ions (∆CCS% of 3.9 % see Table 1). 

Nevertheless, the ∆CCS% values are comparable for the [M-H]- and [M+H]+ ions of the LNFP I/LNFP V 

couple, with 5.3 % and 5.2 %, respectively (see Table 1). No conclusion can be drawn for the 2’FL/3FL 

and 3’SL/6’SL pairs due to the low abundance peak of 3’SL protonated ions and the absence of 

signals detected for the protonated 2’FL and 3FL. In addition, a good accordance with DTIMSCCSN2 

values found in the literature54,55 was obtained with CCS shifts below 1% (see Table S4) ; 

demonstrating that CCS represents a promising compound identification criterion.56 

No real improvement in mobility separation is obtained by performing metal adduction, in 

contradiction with previous studies.28,34-37 The addition of lithium does not allow better ion mobility 

separation of the corresponding adducts formed. Although the isomer separation can only be 

achieved with this ionic form for the 2’FL/3FL and 3’SL/6’SL pairs (∆CCS% of 2.6% and 2.5%, 

respectively, see Table 1). The ∆CCS% values are more significant for the [M+Ca]2+ species. 

Nevertheless, the adduct ion formation constitutes an alternative analytical solution, especially for 

the HMOs which give poor signals for protonated or deprotonated species, for example, from the 

2’FL/3FL isomer pair.  

Figures 1 and 2 highlight a critical issue for IM-MS analysis of HMOs. Multiple mobility peaks are 

often encountered for detected species, especially under high resolution TIMS conditions. A similar 

phenomenon has been described by other groups also using high resolution instrumentations.41-43 

Ujma et al.43 assigned these multiple peaks to two major anomeric forms (α and β forms) and a 

minor open-ring form using a heavy oxygen labelling strategy with a cyclic TWIMS in ion mobility/ion 

mobility mode. Most of the adduct ions formed in positive ESI mode were detected as multiple peaks 

for at least one isomer (see Figure S1 or the example of LNT/LNnT species in Figure 2). Such 
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observations, already reported,41-43 could be explained by a variable metal coordination within 

various glycan conformations, resulting in mobility differences between the different forms. These 

different forms and conformations can be solved thanks to high resolution TIMS instrument, 

resulting in the detection of multiple peaks. However, their presence complicates the HMO isomer 

characterization and, in some cases, prevents unambiguous isomer distinction (independently on the 

use of large or narrow mobility ranges). 

The deprotonated ions of 2’FL/3FL are, for example, characterized by at least three features (or CCS 

values) using the large mobility range while the application of targeted mode resulted in the 

detection of even more peaks (see Table S2). In this latter case, the isomer identification cannot be 

reached due to the presence of several mobility peaks, some of them being overlapped. Otherwise, 

most of the deprotonated ions from the LNT/LNnT and LNFP I/LNFP V sets are characterized by two 

mobility peaks with a major and a minor one (see Table S2 and Figure 1). The minor peak of LNnT 

displays a mobility very close to that of the peak of LNT and, similarly the minor peak of LNFP V 

cannot be resolved from the major peak of LNFP I, this could be due to low standard compound 

purity. Nevertheless, for these two isomer pairs, the major peaks are well resolved and 

characteristics of each HMO structure. Hence, the isomer distinction can be performed under the 

condition of a comparable MS response, which is less straightforward in complex mixtures. Note that 

another difficulty in such a direct methodology arises from the varying MS response between isomer 

ions. The peaks of the protonated ions of 3’SL/6’SL are, for example, well separated using a global 

fingerprint mode but 3’SL gives a much lower response compared to 6’SL under equimolar conditions 

and no isomer distinction can be obtained from the mixture of the two compounds (see Figure S1). 

Nevertheless, the direct HMO characterization can be globally performed despite the presence of 

multiple peaks. For example, the [M+Li]+ forms of both LNT and LNnT show multiple peaks in the 

targeted analysis (see Figure 2D) but each isomer displays two major specific peaks resolved (∆CCS% 

of about 3% between both isomers in Table 1). Another example is the distinction of deprotonated 

3’SL and 6’SL ions, which are detected as two peaks using narrow mobility range (see Figure 1). 

Despite the overlap of a peak of each isomer, the characterization of each isomer is still possible 

thanks to the detection of a specific mobility peak (∆CCS% of 2.1% between both isomers; see Table 

1).  

The resolving power and the mobility peak width are also interesting parameters that can be useful 

in predicting the occurrence of multiple peaks, in particular for less resolving ion mobility 

instruments. Indeed, a low resolution peak (typically Rp < 50) with a FWHM (Full Width at Half 

Maximum) greater than 0.015 detected in global fingerprinting mode often leads to the multiple 

peak detection in the targeted analysis. For example, the peaks of the deprotonated forms of 3’SL 

and 6’SL show signals with resolving powers of 50 and 48, respectively and FWHM of 0.023 and 

0.024, respectively in the global fingerprinting mode while two resolved peaks appeared for each 

deprotonated isomer in the targeted analysis (see Figures 1 and S2). 

Hence, the presence of multiple and/or unresolved peaks can make difficult the HMO identification 

and no general trend can be obtained for all the HMOs. Nevertheless, all species detected both in 

positive and negative ion modes can be distinguished when analyzing complex mixtures as the data 

of all detected species can altogether allow conclusions to be drawn about the isomer pair studied 

(see section 3.3).  

3.2. IM-MS analysis of reduced HMOs 
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The detection of multiple signals for native HMO species has been explained by the existence of 

different conformations (see the discussion upper and the work of Ujma et al.43). Typically, the glycan 

reduction is commonly performed prior to the LC separation to avoid the chromatogram artefactual 

complexification resulting from the chromatographic separation of alpha/beta anomers (i.e. peak 

splitting).57 In our study, all isomer couples were reduced and analyzed by IM-MS analyses in both 

 negative and positive polarities. However, reduced HMOs showed weak MS sensitivity under 

negative ion mode and no ion mobility experiments could be conducted. For the positive ionization 

mode, better MS responses could be obtained and only the global sample fingerprints are acquired 

for the reduced forms (see Table S3 and Figure S3). A comparison of isomer separation between 

native and reduced forms is reported in Figure 3, for some ionic species of HMO pairs detected under 

positive ESI conditions (all IM-MS analyses from reduced HMOs can be found in Figure S3).    

Please insert Figure 3 near here 

Contrasting results were obtained according to the isomer pair and the ionic species studied. Overall, 

no real improvement in mobility separation was achieved after reduction. Figure 3 shows poorer 

separations for the [M+Ca]2+ species of reduced LNFP I/LNFP V and for the [M+Li]+ ions of reduced 

3’SL/6’SL compared to their native forms, while a small separation improvement is obtained for the 

[M+Na]+ adducts of the reduced 2’FL/3FL pair. Nevertheless, the protonated [M+H]+ ions of the 

reduced LNT/LNnT and LNFP I/LNFP V forms are better separated than the [M+H]+ ions of their 

native forms (see Figures 3 and S3).  

It should be noted that, despite the decrease in their number, multiple peaks are still observed from 

reduced HMOs. For example, multiple peaks are detected for the protonated ions of the reduced 

LNT/LNnT and LNFP I/LNFP V forms (see Figure 2 and S3, respectively). Wei et al.32 recently reported 

a similar observation with permethylated isomeric glycans, with the reducing-end reduction not 

decreasing the number of mobility peaks detected. Hence, the multiple mobility features could result 

from multiple ion structures, i.e. with various charge locations for a given species.42,58  

These results enlightened the difficulty to characterize the high heterogeneity of glycans. In addition 

to the glycan structural variety, the existence of anomeric configurations (α and β) and to a lesser 

extent of large ion populations makes very difficult the prediction of a general trend for all HMOs. 

Nevertheless, these preliminary studies on HMO standards provide a very promising analytical 

solution to characterize HMOs in breastmilk using IM-MS. 

3.3. Direct IM-MS and IM-MS/MS analysis of breastmilk  

Direct and fast IM-MS analysis of a breastmilk sample was then performed without extensive sample 

preparation (only a defatted protocol was applied, see experimental section). IM-MS experiments 

were conducted on a breastmilk sample diluted 1:5000 under both positive (see Figure S4) and 

negative (see Figure 4) ionization modes. Large mobility range detection was first applied to acquire 

a global HMO profile. Nevertheless, a targeted method using a narrow mobility range is then applied 

to screen for specific ionic forms (see the extracted ion mobility spectrum of deprotonated 3’SL and 

6’SL ions detected in milk using a targeted analysis in Figure 4). Figure 4 shows the IM-MS analysis 

under negative ESI mode of a diluted breastmilk sample. The extracted ion mobility spectra of the 

[M-H]-, [M+Cl]- and [M+HCOO]- ions for the four native HMOs isomer pairs were reported from both 

standard mixture solution (final concentration at 1 ng.µL-1) and diluted breastmilk sample. 
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As described in the previous section, isomer separation cannot be achieved for all HMO ionic species. 

Nevertheless, by combining the results from all the different ions, the distinction of most of the 

isomers can be successfully obtained under global fingerprinting conditions (see Figure 4). Indeed, 

LNFP I and LNFP V are well or partially separated for all the ionic forms considered. The [M+HCOO]- 

ions of LNT and LNnT are not detected in the diluted breastmilk sample but these two isomers can be 

distinguished by the [M-H]- and [M+Cl]- ions. The characterization of the 2’FL/3FL pair is more 

complicated since these two isomers are not separated as [M-H]- ions (see Figure S2 and Figure 4) 

but a partial separation is obtained for the [M+Cl]- adducts and the mobility peak width of the 

[M+HCOO]- ions suggests the presence of the two isomers under the same mobility peak. Finally, 

3’SL/6’SL is the sole isomer pair that cannot be resolved using a large mobility range because the 

only [M-H]- ions detected display a single broad peak under moderate resolution conditions. 

Nevertheless, the targeted analysis on these deprotonated ions showed the presence of the two 

isomers (detected as multiple ion mobility peaks), which are successfully distinguished (see 

comparison of Figure 1 and Figure 4).  

Similar observations can be made from IM-MS analysis under positive ion conditions (see the 

acquired global fingerprint in Figure S4), where the LNT/LNnT and LNFP I/LNFP V pairs are 

distinguished from the extracted ion mobility spectra of [M+H]+ ions while the peak width of the 

[M+Na]+ form for 2’FL/3FL allow to figure out the presence of both isomers. The 3’SL/6’SL pair is still 

the most difficult to be distinguished in global fingerprinting mode but the detection of the [M+Ca]2+ 

species gives an insight on the presence of one of the isomers or the other (see Table 1 and Figure 

S1). Finally, an accurate isomer characterization can be obtained by combining all data from both 

positive and negative ion modes (Figures 4 and S4).  

IM-MS analysis of HMO standard mixture reveals another striking observation that is the variable MS 

response among HMO structures. A much higher intensity of mobility signal is, for example, observed 

for the [M-H]- ions of 3’SL/6’SL isomers compared to other deprotonated HMO ions (see Figure 4). 

Please insert Figure 4 near here 

Interestingly, the comparison of HMO responses under IM-MS analysis between the standard 

mixture under equimolar conditions and the breastmilk sample suggested a much lower amount of 

LNFP V and 3FL relatively to their respective isomers in the breastmilk sample. Indeed, the mobility 

peaks of all the ionic forms of the LNFP V compound are clearly absent in the breastmilk sample 

under both negative (Figure 4) and positive (Figure S4) ion modes. A much lower relative amount of 

3FL compared to 2’FL can also be evidenced by the disappearance of the peak shoulder for the 

[M+Cl]- and [M+Na]+ ions which corroborates a smaller width of the unresolved peak of [M+HCOO]- 

ions in the breastmilk sample (see Figures 4 and S4). In fact, a lower relative amount of these two 

HMOs (LNFP V and 3FL) compared to their respective isomers has already been reported by previous 

LC/MS experiments.48 To check that the absence of their mobility peaks is not caused by matrix 

effects, IM-MS analysis of a diluted breastmilk sample spiked with the corresponding authentic 

standard at 1 ng.µL-1 was performed under the same conditions (see Figure S5). The detection of 

mobility signals corresponding to the two spiked LNFP V and 3FL indicated that these compounds 

could be detected in breastmilk, but their response is lower in such a matrix compared to their 

analogous standard compounds in a solvent solution. Such an encouraging result shows the 

possibility of performing a relative quantification of one isomer to another using the direct IM-MS 

approach. Of course, further investigations are needed to develop and validate a semi-quantitative 

method in terms of detection limit, response linearity, reproducibility, and matrix effects for accurate 
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quantification of HMOs. Few works have reported a tentative estimation of the relative content of 

(isomeric) compounds25,41 using IM-MS approach, with, for example, a detection limit of 0.1% 

between sugar anomers.25  

To further investigate the breastmilk sample, the search for other HMOs was performed based on 

their theoretical accurate m/z values and their corresponding extracted mobility spectra were 

reported (see Table S5 and S6). Although the monosaccharide composition can be unambiguously 

assigned thanks to the accurate mass measurements, the experimental TIMSCCSN2 values cannot be 

attributed to a specific HMO structure without authentic standard compounds. Indeed, our results 

demonstrated the possibility for a given HMO structure to display multiple ion mobility peaks due to 

different HMO configurations and/or ion isomers. The availability of pure standards is therefore 

mandatory in order to unambiguously build a reference HMO mobility database.  

Finally, in addition to IM-MS analysis, tandem mass spectrometry (MS/MS) experiments were 

performed on the breastmilk sample, providing three data features for a high degree of compound 

identification (m/z, fragmentation pattern and TIMSCCSN2) in a single experiment (see Figure 4). With 

our ion source parameters, no in-source fragmentation is detected under ESI conditions. Therefore, 

collision-induced dissociation (CID) experiments were systematically performed on both protonated 

and deprotonated precursor ions after their ion mobility separations. The CID spectra display in both 

positive and negative modes mostly cleavages of glycosidic bond, yielding B, Y or C, Z type ions with 

little or no cross-ring fragment ions (A and X ions) according to the Domon and Costello 

nomenclature.59 It must be noted that glycan rearrangements (typically fucose residue) may occur in 

MS/MS experiments for protonated species using CID conditions.60  

The obtained data were compared to the MS/MS experiments carried out for the HMO standards. 

Figures 4, S4 and S6 show the MS/MS spectra of some HMOs which can be distinguished by ion 

mobility and which exhibit distinct spectral fingerprints and/or isomer diagnostic ions. Note that a 

better isomer distinction based on specific isomer fragment ions was obtained from the 

deprotonated LNFP I/LNFPV pair, compared to positive ion conditions, as already reported by Mank 

et al.12 It should be emphasized that although the [M-H]- ions of 3’SL and 6’SL are not separated 

using the global fingerprinting mode, the specific fragmentation patterns of each isomer can be 

obtained by performing a targeted analysis (see MS/MS spectra obtained from the mobility peaks A 

and C detected under targeted conditions in Figure 4). Nevertheless, it is still possible to extract an 

isomer-specific fragmentation pattern from an unresolved ion mobility peak detected in large 

mobility mode by extracting the MS/MS spectra at the edges of the peak (see Figure S6).    

 

4. Conclusion 

Breastmilk characterization is challenging due to the diversity of HMOs and their structural 

complexity. This study shows the potential of direct injection TIMS-TOF for high throughput and high 

resolution analyses of the most abundant HMOs without extensive sample preparation of breastmilk. 

The IM-MS analyses allowed to identify all the HMO pairs studied by combining the different species 

detected in both ion polarities (positive and negative ESI modes). With such a direct IM-MS analysis, 

some semi-quantitative hypotheses could even be made about the breastmilk components. In 

addition, the flexible resolution of TIMS enabled to perform both global fingerprints and targeted 

analyses on the same sample. Finally, MS/MS experiments after mobility separation of the isomer 

species allowed to increase the level of confidence in the compound identification, by providing 
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three molecular descriptors obtained in a single analysis (CCS, m/z and fragmentation patterns). Our 

results constitute the proof of concept study of the application of the direct IM-MS approach as a 

high throughput analytical platform for the characterization of HMOs in breastmilk. It could, for 

example, be used for the classification of secretor status without lengthy LC-MS analyses. Further 

investigations on other HMO standards are required to build an HMO database that includes ion 

mobility and fragmentation pattern data useful for identifying as many HMOs as possible in 

breastmilk.  
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Figures and tables captions: 

Table 1: ∆CCS% values of all ionic species detected for the isomer pairs studied. The table shows a 

heat map, based on the IM-MS separation of each isomer pair mixture and depending on the IM-

MS conditions applied: the global fingerprinting (in bold) versus targeted (in bracket) modes. 

Scheme 1: Structures of the isomer pairs of HMO studied (according to the Symbol Nomenclature 

for Graphical Representation of Glycans46) 

Figure 1: Extracted ion mobility spectra of different HMO isomer species, corresponding to the best 

isomer mobility separation under both positive and negative ESI modes using large mobility range 

detection, excepted (in D) for the deprotonated ions of 3’SL/6’SL pair for which a targeted mode is 

applied for their separation. All HMOs were injected alone (colored plots) or in binary mixtures 

(dashed plots) at a concentration of 1 ng.µL-1. 

Figure 2: Extracted ion mobility spectra of all LNT and LNnT detected ions under both positive and 

negative ESI modes, using narrow mobility range detection mode (high resolution conditions). Each 

HMO was injected at a concentration of 0.1 ng.µL-1. In D) and E), results were obtained for positive ESI 

mode after addition of lithium at 1 ng.µL-1. Mobility ranges used for each targeted analysis can be 

found in Figures S1 and S2. 

Figure 3: Extracted ion mobility spectra of different ionic species for each HMO isomer pair as (A, B, 

C and D) native and (E, F, G and H) reduced forms using large mobility range detection (1/K0 = 0.55-

1.90 V.s.cm-2). HMOs were analyzed at 1 ng.µL-1 as native forms and were specifically diluted after 

the reduction step. In D) and H) the results were obtained for positive ESI mode after addition of 

lithium at 1 ng.µL-1. The dilution factor for each compound analysis can be found in Figures S1-S3. 

Figure 4: IM-MS and MS/MS analyses of a breastmilk sample (1:5000 dilution in ACN/H2O) in 

negative ESI mode. A) Mass spectrum showing some low abundant ions annotated as native HMO 

species, confirmed by, in B), their extracted ion mobility spectra as [M+Cl]-, [M+HCOO]- and [M-H]- 

species detected both in the HMO standard mixture (1ng.µL-1 final concentration) and in the diluted 

breastmilk sample. For [M-H]- ions of the 3’SL/6’SL pair, a targeted analysis was conducted and 

MS/MS spectra at 45 eV extracted from their respective mobility peaks in the breastmilk sample 

are reported (see Figure S6 for MS/MS spectra of the standard compounds). For [M-H]- of LNFP I 

and LNFP V, MS/MS spectra at 15 eV are reported for the two isomers standards and for the single 

mobility peak (as B peak) detected in breastmilk. Peaks labelled with *: not separated isomers, Δ: 

mobility peak from an isobaric compound; note that large differences in intensity detected in the 

mobility peaks between the standard mixtures and the breastmilk sample are highlighted by gray 

bands.  
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Table 1 

Ion species LNT/LNnT LNFP I/LNFP V 2'FL/3FL 3'SL/6'SL 

[M-H]- 
5.8%(a) (c)  5.3% (a) (c)  1.1% (a) (d)  

(1.0%) 
1.0%(e) 

(6.1%-7.1%) (5.3%) (0.1% - 2.1%) 

[M+Cl]- 
2.0% 1.7% (a) (c)  1.7% (a) 

n.d. 
(1.7%) (1.7%) (1.8% - 3.7%) 

[M+HCOO]- 
1.5% 
(1.1% - 2.6%) 

4.5% (a) 

(2.5%-4.5%) 
1.1% 

n.d. 
(1.1% - 3.0%) 

[M+H]+ 
3.9% 

(3.9% - 4.9%) 
5.2%  

(2.3% - 5.3%) 
n.d. 

3.8% (a) (d) 

(3.8%) 

[M+Ca]2+ 
3.8% (b) (d) (e) 

(3.8%) 
1.8% 

(0.5% - 2.0%) 
6.1% (a) (d) (e) 
(4.9% - 6.8%) 

3.7%(b) (e) 
(3.7%) 

[M+Na]+ 
0.9%(b) 

(0.6% - 1.2%) 
1.4% (a) 
(1.4% - 2.6%) 

1.6% (a) 
(1.8%) 

1.2%  
(1.2%) 

[M+Li]+ (f) 
1.3%(a) 
(0.4% - 3.0%) 

0.3%(a) 
(0.1% - 2.3%) 

2.6%  
(2.3%-2.8%) 

2.5%  
(0.2% - 2.7 %) 

[M+2Li]2+ (f)  
2.5% 
(2.6%) 

5.5%  
(5.4% - 6.3%) 

n.d. n.d. 
 

 separation using fingerprinting mode 

 isomer distinction in fingerprinting mode and separation in targeted mode 

 separation only in targeted mode 

 no mobility separation 

n.d.: not detected 
Note that ∆CCS% values are reported for the major peaks when multiple peaks are detected (labelled as 

(a)), with few exceptions (labelled as (b)) when the largest mobility difference was obtained from minor 

mobility signals. In bracket, ∆CCS% values recorded in narrow mobility range detection (targeted analysis) 

are reported with calculated minimum and maximum ∆CCS% values when multiple mobility peaks appear 

under targeted analysis.  

(a) ∆CCS% values between two major mobility peaks in the presence of multiple peaks for one or both 

isomer ions. 

(b) ∆CCS% values between a major peak and a non-major peak, i.e. mobility peaks at 86%, 46% and 79% 

of relative intensity are considered for the [M+HCOO]- species from LNFP V, for the [M+Ca]2+ adducts 

from LNnT and the [M+Na]+ from LNT, respectively.   

(c) Separation between two major peaks of each isomer but with overlap of a minor peak for an HMO 

isomer.  

(d) Very high MS response of an isomer (2’FL for [M-H]-, 6’SL for [M+H]+, LNT and 3FL for [M+Ca]2+ ions) 

hinders detection of its respective isomer (3FL for [M-H]-, 3’SL for [M+H]+, LNnT and 2’FL for [M+Ca]2+) 

in a mixture. 

(e) The detection of a single peak reflects the presence of LNT, 3FL or 3’SL for the calcium adducts while 

the observation of two peaks (or more) is characteristic of the presence of LNnT, 2FL or 6’SL but does 

not allow to confirm the presence or the absence of their respective isomers, LNT, 3FL or 3’SL. 
(f) The [M+Li]+ and [M+2Li]2+ adducts are formed by addition of lithium. 

 

 














