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Abstract 

Precise structural differentiation of often isomeric glycans is important given 

their roles in numerous biological processes. Mass spectrometry (MS) (and tandem 

MS) is one of the analytical techniques at the forefront of glycan analysis given its 

speed, sensitivity in producing structural information as well as the fact it can be 

coupled to other orthogonal analytical techniques such as liquid chromatography 

(LC) and ion mobility spectrometry (IMS). This review describes another family of 

techniques that are more commonly being hybridized to MS(/MS) namely gas-phase 

infrared (IR) spectroscopy, whose rise is in part due to the development and 

improved accessibility of tunable IR lasers. Gas-phase IR can often differentiate fine 

isomeric differences ubiquitous within carbohydrates that MS may be ‘blind’ to. There 

are also examples of cryogenic gas-phase IR spectroscopy with much greater 

spectral resolution as well as hybridizing with separative methods (LC, IMS). 

Furthermore, collision-induced dissociation (CID) product ions can also be probed by 

IR, which may be beneficial to deconvolute spectra, aid analysis and build spectral 

libraries, thus generating novel opportunities for fragment-based approaches to 

analyse glycans. 

Introduction 

Glycans mediate numerous biological events including host-pathogen 
interactions, cell differentiation, motility and intercellular and intracellular signalling; 
many of these through regio-/stereo-specific recognition of glycan epitopes with 
glycan-binding proteins (GBPs) .[1,2] Additionally, aberrant or truncated glycoforms 
are indicative of disease states including cancer (increased branching of N-glycans, 
higher density of O-glycans, truncated structures and prominent sialic acid and 
fucose terminating species),[3] muscular dystrophies (loss of O-mannose β1,2-N-
acetylglucosaminyltranferase activity inhibiting O-mannosyl glycan synthesis),[4] as 
well as other congenital disorders of glycosylation (CDGs) (various and sometimes 
cumulative changes ranging from issues with glycan assembly and transfer, glycan 
processing, hyperglycosylation).[5] These changes are associated with dysregulation 
of cellular cycles and disease progression. As a result, there is an exciting 
opportunity to develop glycan-based therapies to treat diseases. Knowledge of their 
precise atomistic structure, as well as their interactome, (beyond the scope of this 

revised Manuscript



review) facilitate design of treatments (e.g. glycan mimetics, glycosyltransferase 
inhibitors or glycan-based vaccines) and are therefore crucially important.[3,6]  

 

Figure 1. – The numerous families of isomers that can be found in glycans (a). Within this scheme, 
the dissociation nomenclature proposed by Domon-Costello[7] for glycosidic (B-, C-, Z- and Y-ion) 
and cross-ring fragmentation (X- and A-ions, where the numbers in superscript refer to the which 
bonds are cleaved in the ring)  is shown, which is referred to during this Opinion. Also depicted are 
MS/MS spectra of isomeric trisaccharides (b) Neu5Acα2,3Galβ1,4Glc (top, purple) and 
Neu5Acα2,6Galβ1,4Glc (bottom, green) showing that the product ions formed are identical with only 
slight differences in intensities being observed. However, these trisaccharides produce unique gas-
phase IR fingerprints (c).[reproduced with permission from Ref 8] Trisaccharide structures are shown 
in representative SNFG nomenclature.[9]  



Despite this, their unambiguous characterization is extremely challenging, especially 
for less studied systems such as plant glycosides and bacterial glycans. This derives 
from: the numerous, often isomeric, monosaccharides (Glucose, Glc, Mannose, Man 
and Galactose, Gal as well as N-acetylglucosamine (GlcNAc) and N-
acetylgalactosamine, GalNAc) that can exist in different ring sizes (overwhelmingly 
structures are found to be pyranose, p, but furanose, f, isomers exist); multiple 
linkage positions that can form in different stereochemistries (namely α and β); and 
glycans exist as branching and linear structures (Figure 1). For systems where the 
biological pathways are fairly well characterized such as mammalian N-glycans, high 
throughput analytical strategies have been developed for their characterization and 
even quantification. These strategies often rely on (ultra)high-performance liquid 
chromatography to separate the swathes of glycans and their glycoforms present in 
a biological matrix. Detection is facilitated by incorporation of a tag `(commonly to the 
reducing-terminus) prior to chromatography and fluorescence/UV detection and/or 
mass spectrometry (MS). Retention times calibrated to an internal standard (often 
dextran ladders) can be compared to known structures enabling identification.[10-12]  

For less studied systems, combinations of analytical strategies are often 

employed including NMR, LC, and tandem mass spectrometry (MS/MS).[13] LC is 

often used solely to separate coexisting glycoforms. Although, structural information 

can be inferred by monitoring retention time shifts upon application of known specific 

glycosidase cocktails.[12] NMR offers the greatest level of atomistic structural 

information, although typically requires larger amounts of purified glycans, which is 

often difficult to obtain from biological samples.[14-16] As a result, MS(/MS) 

techniques have risen to the forefront, since they can detect low amounts of 

substrate, can be readily coupled to LC or hybridized with gas-phase separation 

techniques such as ion mobility spectrometry (IMS) that separate ions by their 

rotationally averaged collision-cross section (CCS), are rapid and can provide 

various levels of structural information.[17-19] During this time, a plethora of 

fragmentation techniques and hybridized versions have been studied on a variety of 

glycans and glycoconjugates. Routinely, glycans are fragmented by collision-induced 

dissociation (CID) producing glycosidic fragments (B-, Z-, C- and Y-) and cross-ring 

fragments (i,jA- and i,jX-) depending precisely where dissociation occurs.[7] Recently, 

tunable infrared multiple photon dissociation (IRMPD) and related gas-phase IR 

techniques have risen to the forefront of interest given their ability to potentially 

provide unique fingerprints for isomeric glycans and/or fine structural information 

especially when combined with theoretical calculations, often inaccessible by MS 

alone (Figure 1b and 1c).[20-25] This review intends to specifically cover recent work 

in the area of gas-phase IR spectroscopy coupled to MS for the analysis of glycans.  

IRMPD and gas-phase spectroscopy 

Gas-phase IR spectroscopy-MS of carbohydrates is a growing area of 

research, in part due to the increased accessibility of tuneable IR lasers, but also 

appreciation of the wealth of information and subtle differences observed in features 

within vibrational spectra of glycans;[18,26] perhaps unsurprising to chemists familiar 

with diagnostic N-H and O-H vibrational modes within conventional IR spectra given 

glycans contain a plethora of these linkages. These features depend on numerous 

structural aspects including the charge, composition, regio- and stereo-chemistry of 

the glycosidic linkage, the topology, ring size and finally the 3D structure. This 



provides complementary information to MS where it is extremely challenging to 

ascertain precisely stereochemical and conformational features. Unlike conventional 

spectroscopic techniques that measure the direct absorption of radiation upon 

interaction with the target sample, molecular ion beams/clouds generated within a 

mass spectrometer normally have insufficient analyte density to be able to measure 

the difference in intensity between the incident and transmitted light. Instead, a 

change within the analyte ions structure (such as dissociation) upon absorption of IR 

photons is measured (referred to as IR action spectroscopy). Classically, ion clouds 

are held in a mass analyzer such as a quadrupole or linear ion trap, allowing the 

user to control irradiation times. The efficiency of light absorption depends on the 

frequency of the incident light as well as the analytes atomic structure(s). With 

tunable IR lasers, a spectral range can be scanned and a gas-phase vibrational 

spectrum of an m/z selected ion can be constructed. As eluded to, the dissociation 

yield of a trapped ion upon absorbing multiple photons (i.e. InfraRed multiple photon 

dissociation, IRMPD) as a function of the IR wavelength is one way to generate gas-

phase spectra.[26,27] A laser powerful enough to produce sequential absorption of 

numerous photons is necessary to overcome the analyte ions dissociation threshold, 

since each IR photon is low energy. The specific mechanisms of IR absorption and 

resultant dissociation are beyond the scope of this review but have previously been 

detailed.[26,27] As exemplified in this review, closely related isomers have distinctive 

IR fingerprints (note: all IR spectra presented in the figures are experimental data) 

and this property can be exploited to identify unknown glycans by comparison with a 

library of experimental IR spectra of standards. For such analytical purpose, 

theoretical modelling is not necessary. However, further structural information such 

as the 3D conformation can be obtained by combining experimental and theoretical 

approaches.[27] A typical routine for the production of theoretical IR spectra is 

carried out in two phases: firstly, a large number of candidate geometries are 

produced by molecular dynamics. At this stage, the current computational 

performance allows addressing large polysaccharides. The geometries are then 

refined by quantum approaches (typically Density Functional Theory) to produce 

high precision geometries and relative energies, at the cost of more severe size 

limitations: all-atom quantum approaches can only deal with small oligosaccharides. 

Secondly, the IR spectrum of the equilibrium structures are generated. This is 

typically done at high level of calculation (i.e. a large basis set) in the harmonic 

approximation, in order to generate high precision IR frequencies (within a few 

percent of the experimental frequencies). Finally, the modelled IR spectra are 

compared with experimental IR data to identify the 3D conformation adopted by the 

species of interest in the experimental condition. 

Most early work on IRMPD-MS of glycans focussed on differences in the 

generated fragments upon irradiation at a series of defined narrow wavelengths as 

groups were limited to accessible CO2 lasers.[28] Nowadays, benchtop OPO/OPA 

lasers can scan a larger range (normally around 3µm, where OH groups typically 

strongly absorb photons), however are still too low power to access the entire 

spectra range. These ranges became accessible by the development of free electron 

lasers (FEL) such as FELIX.[26,29] A variety of glycan families have now been 

analyzed by gas-phase IR spectroscopy including sialic acid (Neu5Ac) 



regioisomers,[8] hexosamine sulfate and phosphate isomers,[30,31] O-

glycopeptides,[32] disaccharide regioisomers,[33] pyranose/furanose isomers,[34] 

chitooligosaccharides with differing N-acetylation patterns[35] and hexuronic acid 

epimers.[36] Barnes et al. measured gas-phase IR (around 3µm) of protonated 

GlcNAc, GalNAc, and ManNAc and their α/β 1-O-Me counterparts which locks the 

anomeric configuration. All these α/β 1-O-Me HexNAcs exist as 4C1 chair 

conformation stabilized by a network of hydrogen bonds around the ring hydroxyl 

groups, although some other low energy conformations that differed by features such 

as the orientation of the acetyl group and H-C(6)-O(6)-H dihedral angle contributed 

to variations in each respective IR spectra. The free HexNAcs were all observed to 

be 4C1 chair conformations as well. Interestingly, diagnostic features from the 

anomerically pure HexNAcs could be used to ascertain which features from the 

naturally occurring mixtures were diagnostic for each anomer, which could be 

powerful in determining ratios of these species.[20] Tan et al. also studied these 

three HexNAc epimers, but as lithium adducts and, in this case, found again all 

epimers were distinguishable by N-H and O-H stretching modes and GlcNAc and 

GalNAc still form 4C1 chair conformation, however features in the vibrational 

spectrum suggest ManNAc is 1C4.[37] This highlights the difference in structure that 

can occur from merely altering the adduct, which could alter the ions chemistry (e.g. 

preferred fragmentation pathways). Diagnostic spectral features have also been 

shown to be capable of discerning α2,3 versus α2,6 sialic acid containing 

saccharides. α2,3-linked sialic acids displayed a broad unresolved spectrum 

irrespective of the attached glycan or the adduct compared to the α2,6 regioisomers 

which were always very well resolved.[8] Differentiation of these naturally occurring 

motifs is important considering their differential interactions. One such example is 

influenza virus infectivity that depend on the specificity of influenza hemagglutinins 

(HA) binding. Avian influenza viruses more prominently bind 

Neu5Acα2,3Galβ1,4GlcNAc, whereas human and swine influenza preferentially bind 

Neu5Acα2,6Galβ1,4GlcNAc. One or two amino acid mutations of the avian HA can 

drastically alter their preference towards Neu5Acα2,6Gal (human-like), highlighting 

the delicate nature of glycan-recognition. These mutations are likely a prerequisite 

for human epidemic strains.[38,39] In reality, various strains of viral Has display 

more fine-tuned specificities to similar epitopes including fucosylation, sulfation and 

sialylation at positions 2 (Gal) and3 (GlcNAc).[39] One concern of tunable gas-phase 

IR measurements used to be that their longer acquisition times (often 10’s of 

minutes) makes it unsuitable for liquid workflows (peak widths typically <1 min), 

which are ubiquitous within glycomics labs for separating mixtures of glycans, 

quantifying their abundances and/or providing structural identification.[10-12] 

However, recent technical developments are bringing this time down to minutes, and 

using a stop flow approach where when a LC peak is expected the flow is 

substantially lowered, the first online LC-MS-IRMPD experiment was able to be 

performed.[33] 



 

Figure 2. Benefits of analyzing the precursor as well as small oligosaccharide and monosaccharide 
product ions by gas-phase IR spectroscopy (although this extends to other approaches such as MSn 
and IMS) (a). The sheer number of isomers of a precursor make unambiguous characterization of an 
unknown challenging. Also, for IR-MS, the conformational flexibility makes recording ‘useful’ well 
resolved spectra challenging. As you go down to smaller oligosaccharides, the number of putative 
isomers drastically reduces and from reduced conformational flexibility, IR-MS spectra are easier to 
acquire. This is beneficial for fingerprint database approaches. The topology of the glycan must be 
built up from fragments, therefore it is imperative that a complementary sequence is produced. 
Monosaccharide product ions are simplest in terms of flexibility and putative isomers, but connectivity 
information is lost. Analysis times also increase for studying multiple fragments. Example gas-phase 
IR spectra of the non-reducing C-ions generated from collision-induced dissociation (CID) of three 
disaccharides (black trace) (b). Below each spectrum are IR traces of the respective α-/β-1-OMe 
hexose anomer standards (α is red trace and β is blue trace). Features in the equivalent fragment and 
appropriate methyl-anomer standard (i.e. mannose product ion derived from Manα1,4GlcNAc 
displayed similar features with α1-OMe Man), suggesting memory of the anomeric configuration of the 
precursor within the product ion.[ reproduced with permission from Ref 40] Oligosaccharide structures 
are shown in representative SNFG nomenclature.[9]  

The examples above dealt with IRMPD of precursor ions. However, in ion-trapping 
devices it is also possible to perform IRMPD on CID generated product ions. This is 
potentially powerful for a number of reasons (Figure 2a).[13] Firstly, to deconvolute 
spectra; most gas-phase IR measurements around 300K are limited to small 
oligosaccharides as beyond these sizes, spectral features begin to overlap resulting 
in extremely broad unresolvable features.[35] For example, Renois-Predelus et al. 
found that mixtures of glycosaminoglycans (GAGs) chondroitin sulfate and dermatan 
sulfate di-/tetra-saccharides that differed by sulfation pattern (GalNAc4S versus 
GalNAc6S) result in poorly resolved, inseparable spectra, MSn (CID) and 
subsequent IRMPD of shorter diagnostic product ions, facilitates observation of key 
characteristic IR spectral features that are lost in the precursor.[41] Given their roles 



in numerous biological process,[6] analytical methods like this that are capable of 
differentiating GAGs are highly sought after.[41] Especially since, their identification 
poses a significant analytical challenge considering that there are subtle structural 
differences within and between each GAGs family including stereochemistry of the 
HexNAc (GlcNAc vs GalNac), hexuronic acid (GlcA vs IdoA), presence of HexN, 
regiochemistry of the linkages within the polysaccharides and presence and 
regiochemistry of sulfation.  

Larger structures beyond trisaccharides also become more computationally 
challenging to model and generate useful theoretical spectra. Diagnostic fragments 
of interest could even be selectively probed whilst the rest of the molecule 
‘discarded’ simplifying analysis. Spectral library databases would also benefit, since 
there are fewer possible isomers of short di-, tri- and tetra-saccharides compared to 
larger carbohydrates. In theory, most of a glycans sequence information can be 
‘rebuilt’ from disaccharide fragments, assuming all disaccharide fragments are 
generated which unfortunately is not always the case. This is especially true given 
the growing amount of evidence that for cationized glycans, memory of the 
stereochemistry of the precursors glycosidic bond is retained in C- and surprisingly 
B-product ions after CID.[21,40,42,43] This was first observed by ion mobility 
spectrometry (IMS)-MS of a sodiated pentasaccharide,[42] although was studied in 
greater detail with lithiated disaccharide anomers.[21] Combined gas-phase IR, IMS 
and molecular modelling suggested that for diglucoside anomers, C-ions were α-
glucopyranosides or β-glucopyranosides depending on if they were derived from the 
α- or β-glucose linkage regardless of the regiochemistry.[21] At higher energies 
conversion of the α- to the β-glucopyranose structure were observed by IMS. B-ions 
were observed to exist as potentially mixtures of multiple structures making the 
precise assignment challenging without combined gas-phase separation. Differences 
in the IMS spectra of ring-size isomers (Galpα, Galpβ and Galfβ) were also observed 
suggesting their memory may also be conserved.[21] Schindler et al. recorded the 
gas-phase IR spectra for multiple glycan anomers standards (1-OMe 
monosaccharides which locks reducing anomeric configuration by preventing 
mutorotation) and found them to be different (red and blue traces in Figure 2b). 
Unique features in the IRMPD spectra of each anomer standard extended to the 
natural free-monosaccharides precursors and more importantly CID fragments, 
suggesting firstly that again there is an anomeric memory and secondly this small 
library could be used to provide the composition and anomeric configuration of a 
monosaccharide fragment derived from a variety of precursors.[40] Given that 
biological interactions between glycans and other molecules is often highly specific 
to glycan structures and glycan biosynthesis is not a template-driven process, de 
novo methods that aid identifying the complete stereochemical (as well as 
regiochemical) structural motifs within glycans are crucial. This can lead to the 
development of glycan-based therapeutics and diagnostics.[44]      
 
Cryogenic gas-phase IR spectroscopy-MS 

Rather than dissociation of the analyte, precursors can also be tagged with 

clusters of inert “messenger” atoms or molecules such as N2, Ar or H2 respectively 

via weak ion-induced dipole interactions and dissociation of this complex monitored 

by MS.[26,27] The messengers very poorly absorb IR radiation, are polarizable 

enough to adhere to the analyte ion and ideally do not perturb the precursors 

conformation. As the interaction is weak, few IR photons need to be absorbed to 



break the intermolecular interaction causing less ion-heating which impacts upon the 

resolution of the IR spectra. Care must be taken using H2 as the messenger though, 

as it has been reported to influence the frequencies of some vibrational bands within 

protonated glycine.[45] This methodology has recently been exploited in cryogenic-

IR spectroscopy. Ben Faleh et al. have developed a remarkable custom-built 

instrument that combines ultrahigh-resolution IMS and cryogenic messenger-tagged 

IR spectroscopy (Figure 3a).[23] Produced ions are introduced into a SLIM 

(structures for lossless ion manipulation) device which uses travelling-wave IMS 

(TWIMS) to move ions through a serpentine path (~1.8 m) in the presence of an inert 

buffer gas and separates ions based on differences in their CCS. Ions could be 

cycled back into the device improving IMS resolution at the cost of sensitivity. Ions 

whose CCS differed by as little as 0.2% could be separated. An electrostatic bender 

and quadrupole could be used to selectively isolate ions with specific mobilities and 

m/z respectively, prior to introduction into the cryogenic ion trap. The cryogenic ion 

trap is cooled to 40 K in the presence of a He:N2 mix (90:10) during which the 

messenger N2 condenses onto the analyte. This trapped complex is then probed by 

a variable IR pulse, which boils off the weekly adhered N2 molecule when the 

structure is in resonance with the IR wavelength. Each glycan studied produced 2 

resolvable IMS peaks suggesting each form are either distinct α-/β-anomers or less 

likely, different conformers of the same structure (Figure 3b). Each peak could be 

selectively probed by cryogenic gas-phase IR spectroscopy producing separable 

highly-resolved unique spectra for a series of epimeric disaccharides even from a 

mixture of them (Figure 3c).[23] This set-up expanded upon similar previous work on 

pairs of isomeric human milk oligosaccharides (HMOs) LNnT (Lacto-N-neotetraose) 

and LNT (Lacto-N-tetraose), 2’-FL and 3-FL and LNDFH I and LNDFH II tagged with 

N2 and also GAGs chondroitin sulfate and heparin sulfate isomers that differed by 

sulfation position tagged with H2. These isomers were all distinguishable by their IR 

spectra, which again were better resolved and separated compared to their room 

temperature counterparts,[30,46] however the 2m long drift tube (using drift tube 

IMS, DTIMS separation rather than TWIMS) was insufficient to provide baseline 

mobility separation of all structures.[46,47] The role of HMOs are not fully 

understood, but are believed to provide key benefits towards infant health including 

shaping the gut microflora, acting as decoys for pathogenic microbes and regulators 

of immune response as well as other things.[48] Human galectins, GBPs implicated 

in immune regulation, have recently been reported to bind to these sugars, with 

some particularly sensitive to slight structural differences such as hGal-7 that prefers 

to adhere to the LNT tetrasaccharide motif and displays much lower affinity towards 

LNnT; the single difference of regiochemistry of the terminal galactose (β1,3 vs β1,4, 

respectively).[48]  



 

Figure 3. Overview of the instrument developed by Ben Faleh et al. for cryogenic gas-phase 
messenger-tagging IR spectroscopy (a). Ions produced by nano-electrospray ionization (nESI) are 
guided into a 1.8 m serpentine travelling-wave ion mobility spectrometry (TWIMS) device (structures 
for lossless ion manipulations, SLIM), where ions can be separated by their mobility through and inert 
buffer gas (this is related to the ions rotationally averaged collision-cross section (CCS)). Ion could be 
reinjected into the SLIM device for multiple cycles, improving IMS resolution at the cost of sensitivity. 
Ions could be mobility and then m/z isolated prior to entering the cryogenic ion trap (40 K). Ions are 
cooled where an inert gas (such as N2) condenses to the analyte ion and acts as a ‘messenger’. This 
messenger boils off when the structures vibrational modes are in resonance with the wavelength of a 
tunable IR laser from which a gas-phase IR spectrum can be plotted. Also shown are the arrival time 
distributions (ATDs) of Galβ1,4GlcNAc (b) on a lower resolution drift tube (purple, left side) compared 
to the SLIM device (gray, left side), where presumably the two coexisting anomers are separated. 
ATDs are shown with respective mobility isolation of each anomer (red and blue, left side). On the 
right are the cryogenic IR spectra of each of these respective species particularly noticeable are the 
bands are well-resolved and the difference in spectra between the anomers. A mixture of two 
epimeric disaccharides (c) are also studied which are baseline resolved in the ATD (including the 
coexisting anomers) and each species separately probed by cryogenic gas-phase IR and compared 
to this pure reference standard.[ reproduced with permission from Ref 23]  



Two-laser double-resonance IR-IR spectroscopy methodologies have also 

been found to be useful for studying specific glycan conformers. Traditionally this 

set-up involves an initial high fluence IR pump-laser pulse fixed at a wavenumber 

specific for a transition within the target conformer. Shortly after, these ions are then 

irradiated with a tunable IR probe-laser pulse. When a structure is resonant with the 

pump-laser and scanning probe-laser, a dip in the photofragmentation yield occurs 

(often referred to as IR-IR ion-dip spectrums).[22,24] Other strategies of performing 

double resonance IR-IR have been applied to glycans that are not detailed here.[22] 

Voss et al. were able to use double resonance IR-IR to monitor and determine 

conformational families of sodiated glucose using D2 as the messenger.[22] 

Similarly, Scutelnic and Rizzo combined IR-IR double-resonance spectroscopy in a 

cryogenic ion trap with 18O labelling and quantum mechanical computations to 

determine the conformational families of protonated glucosamine (GlcN).[24] The 

reducing-end hydroxyl group can be readily exchanged with 18O-H merely by 

dissolution of the glycan in 18OH2 and waiting for ~48 hours. Monitoring the bands 

that shift in the IR spectrum of the isotopically unlabelled versus labelled saccharide, 

facilitates easy identification of bands associated with the reducing hydroxyl group. 

Two bands were observed to shift suggesting the presence of at least two conformer 

families. IR-IR spectroscopy in fact found a third conformation with features similar to 

another conformer (suggesting similar hydrogen bonding networks between the two 

conformers). Calculations found these to be 1C4 α-GlcN, 4C1 α-GlcN and 4C1 β-GlcN, 

with the latter two being the similar conformers. Pleasingly, the α-/β- ratios were 

found to be comparable to those measured by polarimetry, NMR and microchip 

capillary electrophoresis in the solution-phase.[24] 

Recently, an alternative cryogenic IR strategy has been developed by Mucha 

et al. using superfluid helium droplets to cool down glycan analyte ions.[25] Ion 

produces by nESI are m/z selected and accumulated in a linear ion tap. Superfluid 

helium droplets (~105 atoms) are guided through the trap where they pick up these 

ions. These droplets rapidly cool the ions to the internal temperature of the droplet 

(0.37 K). Ions are ejected from the droplet by IR irradiation, when the wavelength is 

in resonance with a vibrational mode of the analyte. Scanning IR wavelength 

enables plotting of an ultracold IR spectra of a particular molecular ion of interest. 

Using this, they studied a series of isomeric mono-/di- and tri-saccharides as well as 

isomeric pairs of biologically relevant tetrasaccharides Leb and Ley and LNnT and 

LNT (Figure 4), many of which differed by combinations of the stereo- and regio-

chemistry of the glycosidic bonds and some by monosaccharide composition. Some 

of these were reducing-end labelled with an amino-alkyl moiety promoting 

protonation and locking the reducing-end stereochemistry, whereas the free-glycans 

were studied as sodium adducts. Spectra displayed unprecedented resolving power 

compared to 300 K measurements, and in addition, each spectrum was a unique 

fingerprint of that glycan. This facilitates a glycan characterization approach based 

upon databases of these spectra. Alternatively, features between a reference 

spectrum and an unknown could be compared to facilitate identification of structural 

features in the unknown. As mentioned previously, theoretical IR spectra of energy 

minimized structures can be generated and compared to acquired spectra improving 

confidence in structural assignments.[25] 



 

Figure 4. Scheme depicting the superfluid helium droplet set-up used by Mucha et al. (a) Gas-phase 
ions are m/z selected and accumulated inside and ion trap. Superfluid helium droplets are guided 
through the trap where they pick-up these ions, and subsequently cool them down to 0.37 K. The 
droplets are irradiated with a defined wavelength from a variable IR laser, where the ions are ejected 
when they are in resonance with the incoming laser beam. Well resolved IR spectra of isomeric 
sodiated tetrasaccharide pairs Leb and ley and LNnT and LNT are shown, highlighting that these 
isomers could readily be distinguished (b).[ reproduced with permission from Ref 25] 

Conclusions and future outlooks 

Gas-phase IR-MS(n) combined with molecular modelling and theoretical 

calculations has been shown to be capable of differentiating a number of isomeric 

glycans, even those that differ only by the stereochemistry at a single 

position.[23,40,47] Currently, these approaches are limited to relatively shorter 

carbohydrates, since as the size of these ions get larger, the more congested these 



vibrational spectra become to the point where likely only an undiagnostic broad mess 

of overlapping signals will be observed. Efforts in cryogenic gas-phase IR 

spectroscopy significantly improve IR resolution through cooling the ‘hot’ ions and 

have as a result enabled larger saccharides to be studied and differentiated (around 

hexasaccharides). These unique IR fingerprints could be housed within databases 

and features compared to unknowns to either identify the entire sequence, or in the 

case of a compete unknown possibly identify some structural features. It’s still yet to 

be shown if these approaches will be able extend to even larger carbohydrates or 

even polysaccharides.  

An alternative approach is based on fragmentation, i.e. analysis of smaller 

product ions rather than the intact precursor ions. This reduces the complexity of the 

spectrum admittedly at the cost of duty cycle since multiple product ions would have 

to be screened compared to a single precursor. However, with some prior knowledge 

of the structure (e.g. from the MS/MS spectrum) and fragmentation pathways, certain 

diagnostic ions could be targeted. An added benefit of this approach is that reference 

libraries of di-/tri-/tetra-saccharides would be smaller than one of all its precursors 

(consider the number of potential isomers of disaccharides compared to a 

hexasaccharide for example). At the moment, this approach relies on 

complementary sequence of product ions forming, and a more thorough 

understanding of fragmentation chemistry of the precursor ion and the fragmentation 

techniques is needed. The integration of information from multiple analytical areas 

such as LC, IMS, NMR and enzymatic digestion is currently one of the most 

promising strategies towards glycan structural assignment workflows and will require 

greater cross-discipline collaborations, including comprehensive databases and 

bioinformatics tools. Indeed, recent instrumentation hybridizing IMS-IR-MS, has 

already shown successes in providing fast and high-quality structural information on 

glycan sequences for several glycan families. 
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