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            Abstract
Imaging of biomolecules guides our understanding of their diverse structures and functions1,2. Real-space imaging at sub-nanometre resolution using cryo-electron microscopy has provided key insights into proteins and their assemblies3,4. Direct molecular imaging of glycansâ€”the predominant biopolymers on Earth, with a plethora of structural and biological functions5â€”has not been possible so far6. The inherent glycan complexity and backbone flexibility require single-molecule approaches for real-space imaging. At present, glycan characterization often relies on a combination of mass spectrometry and nuclear magnetic resonance imaging to provide insights into size, sequence, branching and connectivity, and therefore requires structure reconstruction from indirect information7,8,9. Here we show direct imaging of single glycan molecules that are isolated by mass-selective, soft-landing electrospray ion beam deposition and imaged by low-temperature scanning tunnelling microscopy10. The sub-nanometre resolution of the technique enables the visualization of glycan connectivity and discrimination between regioisomers. Direct glycan imaging is an important step towards a better understanding of the structure of carbohydrates.
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                    Fig. 1: STM topography imaging of linear glycans prepared by ES-IBD.[image: ]


Fig. 2: STM topographic image of branched hexamanosides 4 and 5.[image: ]


Fig. 3: STM topography image of undecasaccharide 6.[image: ]


Fig. 4: Analysis of glycans from mixtures by chemically selective deposition followed by STM imaging.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Mass spectra of all deposited glycans.
aâ€“f,Â The mass spectra show absence of major contaminants in the ion beam after mass filtering. For glycans 1â€“5, the charge state of the molecule is âˆ’1, whereas undecasaccharide 6 has a charge state of âˆ’2.


Extended Data Fig. 2 STM overview image of a sample ofÂ hexamannoside 4.
Single molecules (marked with yellow circles) are observed as the major species on the terrace. The dark spots are due to impurities on the surface, which is typical for depositions at low temperature. Scale bar, 10Â nm.


Extended Data Fig. 3 STM topography image of linear glycans.
aâ€“f, STM images of pentamannoside 1Â (a, b),Â hexamannoside 2 (c, d) andÂ hexaglucoside 3 (e, f) showing different conformations on the surface.Â Scale bars, 1Â nm.


Extended Data Fig. 4 STM topography image of branched hexamannosides.
a, b, STM images of adsorbed hexamannoside 4 showing different conformations. Two branches are clearly visible. c, d, STM images of hexamannoside 5 of different conformations on the surface, with branching clearly visible. The assignment of the linkage is based on the position of the linker (low-height feature) and on the interunit distance, as shown in the inset (1-2 linkage in pink). Scale bars, 1Â nm.


Extended Data Fig. 5 Statistical analysis of the feature distance of 1-6 linkages in linear glycans.
a, Pentamannoside 1. b, Hexamannoside 2. c, Hexaglucoside 3. d, Combined histogram for all linear glycans. Values for the mean feature distance of the 1-6 linkages were calculated by fitting with Gaussian peaks, resulting in centre and width values of 0.48Â Â±Â 0.09Â nm, 0.51Â Â±Â 0.08Â nm and 0.53Â Â±Â 0.04Â nm, respectively. The total averaging of the 1-6 linkages (including Î±1-6 and Î²1-6) yields a measured 1-6 feature distance of 0.52Â Â±Â 0.07Â nm. Histogram bin size, 0.05Â nm.


Extended Data Fig. 6 Statistical analysis of the feature distance of Î±1-6 and Î±1-2 linkages in hexamannoside 4.
The distance between the monosaccharide units connected with Î±1-6 and Î±1-2 linkages in hexamannoside 4 was identified on the basis of the linker position and the branching points. The histogram (bin size, 0.02Â nm) of the Î±1-6 (grey) and Î±1-2 (purple) linkages was fitted with Gaussian peaks at 0.53Â Â±Â 0.05Â nm and 0.61Â Â±Â 0.03Â nm, respectively. The distributions show little overlap and thus the feature distance is identified as a reliable parameter for distinguishing between Î±1-6 and Î±1-2 linkages. The wide distribution of Î±1-6 (black) linkages compared to the narrow shape of Î±1-2 linkages (purple) indicates larger conformational variability, probably due to the greater flexibility of the Î±1-6 links.


Extended Data Fig. 7 STM topography image of branched undecasaccharide 6.
a, STM images of undecasaccharide 6, clearly showing branching points and individually resolved monosaccharide units. The assignment of the branches is made by the number of units in the branch and by the feature distance between the monosaccharide units. Scale bar, 1Â nm. b, Line profiles as indicated in a.
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