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Single-Molecule Glycan Discrimination Using a Graphite
Nanopore’

Chandan K. Das,**" and Maria Fyta®?

Glycans are fundamental biomolecules whose biological functions are encoded in subtle structural
features, posing significant challenges for their analytical discrimination. In this all-atom Molecu-
lar Dynamics study, we demonstrate that a negatively charged graphite nanopore enables accurate
single-molecule glycan detection. Glycans differing in N-acetylation number, N-acetylation pattern,
and regioisomeric structure are reliably discriminated. In fact, from a mechanistic perspective, dis-
tinct ionic current signatures are traced back to species-specific spatial charge accumulation around
individual glycans confined within the nanopore lumen. Moreover, under applied transmembrane

voltage, the negatively charged nanopore generates electroosmotic flow, which drives glycan translo-

cation and offers a chemically label-free approach for glycan detection.

1 Introduction and Background

Glycans, composed of multiple monosaccharide units connected
by glycosidic linkages, are essential biological macromolecules
alongside proteins and polynucleic acids. Notably, the biolog-
ical functions, particularly the molecular recognition processes
of glycans and glycoconjugates (such as, glycolipids and glyco-
proteins), are directly associated with the structural features of
sugar moieties. 1’2 For instance, the functional groups in glycans
determine their chemical properties, which in turn modulate their
binding affinity.? Variations in glycosidic linkages give rise to dis-
tinct glycan conformations, further affecting receptor binding. In
addition, glycan chain length also plays a key role in biologi-
cal processes such as cell adhesion and intracellular trafficking.
Therefore, accurate structural elucidation of glycans is vital for
improving disease diagnosis¥ and advancing drug development=.

Unlike uniformly charged polynucleic acids and composition-
ally diverse proteins with heterogeneous charge distributions, gly-
cans are generally uncharged and display extensive stereochemi-
cal diversity resulting from variations in monosaccharide compo-
sition, anomeric configuration, and glycosidic linkage. This inher-
ent structural complexity of glycans poses significant challenges
for their accurate detection and sequencing. In DNA sequenc-
ing, as well as more recently in protein sequencing, the nanopore
detection technology has achieved remarkable success owing to
its accurate, fast, chemical-free, and cost-effective approach.6 In
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nanopore-based single-molecule sensing, an analyte translocates
through the nanopore, producing characteristic changes in ionic
current signals. These signal modulations can then be analyzed to
infer the structural and compositional information of the analyte.

In the past few years, nanopore sequencing of glycans has
been realized, primarily using biological nanopores such as o-
hemolysin, &1 aerolysin, 274 Mycobacterium smegmatis porin
A (MspA),1>H7 and Outer membrane porin F (OmpF)18, The
monosaccharide isomers D-glucose and D-fructose were success-
fully discriminated using an engineered o-hemolysin nanopore
functionalized with phenylboronic acid. Phenylboronic acid re-
versibly reacts with monosaccharides, prolonging their residence
time within the nanopore and thereby enhancing the accuracy
of saccharide detection.® This strategy was subsequently ex-
tended to enable the identification of nine commonly occur-
ring monosaccharides, including D-galactose, D-mannose, D-
glucose, L-sorbose, D-ribose, D-xylose, L-rhamnose, and N-acetyl-
D-galactosamine, using the MspA biological nanopore.1> Further-
more, MspA nanopores conjugated with a phenylboronic acid
adapter have been employed to distinguish disaccharides with dif-
ferent glycosidic linkages.1® Glycans with chain lengths ranging
from disaccharides to pentasaccharides have also been differenti-
ated using chemically labeled approaches based on the aerolysin
nanopore. 12 More recently, label-free detection of neutrally
charged polysaccharides has been successfully achieved using
OmpF18 and a-hemolysin? nanopores, alongside glycosidase-
assisted glycan sequencing approachl. Collectively, these pio-
neering studies highlight the great potential of nanopore tech-
nologies for saccharide detection. However, the transloca-
tion of net charge-neutral glycan molecules through biological
nanopores poses a significant challenge for bio-nanopore-based
glycan sequencing technologies. This limitation is circumvented
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Graphite nanopore

~1.4 nm

Fig. 1 Schematic representation of a graphite nanopore (left panel),
inspired by the aerolysin biological nanopore (right panel), used in this
study for glycan discrimination. The graphite nanopore was constructed
by vertically stacking 21 layers of graphene, in which a nanopore with
a diameter of 1.4 nm was opened. A negative voltage source, indepen-
dent of the transmembrane voltage, was applied to the graphite material
to render the nanopore negatively charged. The graphite nanopore was
submerged in a 1 M KCI electrolyte solution. The graphite nanopore
is shown in a gray cutaway molecular surface representation. K* and
CI™ ions are depicted as magenta and cyan spheres, respectively, while
the transparent blue surface represents the aqueous environment. The
structure of aerolysin, shown in a white cutaway molecular surface rep-
resentation, was rendered from the molecular structure with ID 9FMe?
in the PDB database.

in OmpF-based nanopores, where the naturally charged lumen
generates electro-osmotic flow (EOF) under an applied trans-
membrane voltage, thereby driving glycan translocation. A sim-
ilar EOF-guided translocation strategy could, in principle, be
achieved in charged solid-state nanopores.1?

In contrast to biological nanopores, glycan detection employ-
ing solid-state nanopores remains relatively unexplored. Re-
cently though, Pathak and co-workers demonstrated the discrim-
ination of monosaccharide anomers and stereoisomers with ex-
cellent sensitivity using graphene-based nanogap electrodes by
integrating quantum transport measurements with artificial in-
telligence. This approach has been further extended to also
differentiate among various regioisomers.2! Nevertheless, ionic
current-based glycan detection using material-based nanopores
remains an untapped frontier in nanopore analytics. In fact,
though biological pores are considered more specific and can be
selectively engineered?2, solid-state materials can be better in-
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tegrated with electronics and combined with different measure-
ment modalities (ionic, electronic, optical). With this in mind,
we aim here to unravel the potential of solid-state nanopores
in glycan detection. In the pursuit of optimal pore geome-
try for solid-state nanopores, the aerolysin biological nanopore
has emerged as a particularly inspiring model. The aerolysin
nanopore has achieved exceptional success not only in glycan
sensing but also in resolving isomeric post-translational mod-
ifications (PTMs) in the human histone H4 protein. Inspired by
the charged, narrow, and nearly cylindrical pore architecture of
aerolysin, we fabricated a cylindrical graphite nanopore without
a constriction zone (Figure[I). Exploiting the electrical conductiv-
ity of graphite, an external voltage was applied to the nanopore to
render it negatively charged. Additionally, an independent trans-
membrane electric bias was applied to drive ion flow, generat-
ing ionic currents through which glycans could be discriminated.
Unlike polynucleic acids such as DNA and RNA, glycan chains
are typically net charge-neutral molecules. Consequently, elec-
trophoretic forces (EPF) alone are ineffective for driving glycan
translocation through a nanopore’?®, in contrast to DNA, where
the negatively charged phosphate backbone enables efficient elec-
trophoretic transport. This limitation in the case of glycans can
be overcome through the use of an EOF. Previous studies demon-
strated that the charged nanopore exhibits charge-exclusive ion
selectivity, which gives rise to an EOF associated with a pro-
nounced unidirectional water flow through the pore. No-
tably, the combination of EOF acting opposite to the EPF has been
shown to be effective in linearizing a protein within the pore lu-
men, a critical requirement for protein sequencing.

Using an all-atom Molecular Dynamics (MD) approach, we un-
ravel how the combined driving forces of EPF and EOF govern
glycan translocation through the pore lumen. Within this concept,
we have systematically investigated poly-N-acetyl-lactosamine
glycans (see Figure [2), which constitute the backbone of gly-
coconjugates such as N- and O-linked glycoproteins and glycol-
ipids. These glycans consist of repeating units in which N-
acetylglucosamine alternates with galactose and display diverse
structural variations, including differences in functional group
composition, glycosidic linkage types, and chain length. Our
proof-of-concept study provides comprehensive insights into the
differentiation of these glycans, underscoring the capability of
graphite nanopores for precise, label-free glycan discrimination.

2 Computational Details

The proposed solid-state nanopore was constructed within a
graphite membrane composed of 21 vertically stacked graphene
layers, each measuring 10 nm x 10 nm, generated using the
Carbon Nanostructure Builder plugin in VMD28, Subsequently,
a circular nanopore was opened by removing all carbon atoms
satisfying the condition x? +y?> < R?> where x and y denote the
atomic coordinates and R is the target pore radius, resulting in
a narrow, cylindrical nanopore with a diameter of 1.4 nm that
closely resembles the pore architecture of the biological aerolysin
nanopore; see schematic diagram of Figure 1 in the main text for
the bio-inspired graphite nanopore used for glycan detection. The
graphite material was parameterized using the generalized Am-
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Fig. 2 (A) Four distinct tetrasaccharides, each consisting of two N-acetyl-lactosamines and differing in N-acetylation patterns and glycosidic linkage
types, were studied here. The sequence of Tetra 1 is Galf1,4-GlcNAcfB1,3-Galf1,4-GIcNAc, Tetra 2 is Galf1,4-Glcf1,3-GalB1,4-GlcNAc, Tetra 3
is Galf1,4-GIcNAcf1,3-GalB1,4-Glc, and Tetra 4 is GalB1,4-GlcNAcfB1,4-GalB1,4-GlcNAc. Gal, Glc, and GlcNAc stand for galactose, glucose, and
N-acetylglucosamine, respectively. Tetra 1 differs from Tetra 2 and Tetra 3 in the degree of N-acetylation, while Tetra 2 differs from Tetra 3 in the
N-acetylation pattern. Tetra 4 differs from Tetra 1 in the type of glycosidic linkage. Tetra 2 and Tetra 3, as well as Tetra 1 and Tetra 4, are structural
isomers with identical mass. Galactose, glucose, and N-acetylglucosamine, along with 31,3 and 1,4 glycosidic bonds, are indicated in the figure, as
well as the N-acetyl group of N-acetylglucosamine. (B) The chemical structures of galactose, glucose, and N-acetylglucosamine, as well as 1,3 and
B1,4 glycosidic linkages, are shown. The stereoisomeric configuration of the hydroxyl groups in galactose and glucose is highlighted in green, while the
N-acetyl group in N-acetylglucosamine (that differs from glucose) is highlighted in red. Glycosidic bonds are highlighted in blue, and atom numbers
(in red) are indicated in the figures. The symbol-based representations of glycans through the circles and squares of different colors are shown as
consistently used throughout.

ber force field (GAFF), while graphitic carbon atoms were
treated as aromatic carbons (ca atom type) within the frame-
work of GAFF. Following this, a partial charge of —0.001¢ was as-
signed to each graphitic carbon atom, resulting in an overall neg-
atively charged nanopore that generates a unidirectional water
flow (i.e. EOF) induced by the pore lumen charge, thereby facili-
tating glycan translocation, as observed in the biological OmpF
nanopore. This charge was chosen in order to drive the glycan
through the pore as it leads to parallel EOF and EPF. We have also
tested the case of a higher charge density of the nanopore by set-
ting the charge to |0.002|e/nanopore atom. In this case, though,
the EOF and EPF are anti-parallel hindering the glycan move-
ment. The nanopore was then kept in a simulation box measuring
10 nm x 10 nm x 11.5 nm, which was then filled with 16920
TIP3P3Y water molecules. A total of 82 K* ions were added to
neutralize the net charge of the negatively charged nanopore sys-

tem. In addition, 723 K™ and 723 Cl~ ions were introduced to
achieve a 1 M KCl electrolyte solution, bringing the total num-
ber of atoms in the open nanopore system to 133,810. Periodic
boundary conditions (PBC) were applied in all three directions.

Molecular Dynamics (MD) simulations of the graphite-based
nanopore submerged in an aqueous 1 M KCl solution were
conducted using the implementation in GROMACSB2 (version
2024.4). We begin the MD simulations with energy minimiza-
tion of the system using the steepest descent algorithm. To
maintain the structural integrity of the graphite material, har-
monic position restraints with a force constant of 10,000 kJ mol~!
2 were applied to all graphitic carbon atoms and maintained
throughout the subsequent MD simulations. The system is subse-
quently equilibrated by raising the temperature from 0 K to 300
K over 1 ns under the canonical (NVT) ensemble. This was fol-
lowed by a 5 ns equilibration under isobaric-isothermal (NPT)

nm -
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ensemble. The temperature was kept constant at 300 K using
a velocity? rescaling thermostat with a coupling time constant
of 0.1 ps. A semi-isotropic pressure coupling allowing indepen-
dently coupling the lateral (xy) directions and the normal (z) di-
rection to a pressure bath, was employed with a weak coupling
Berendsen'*# barostat (time constant of 5 ps and compressibility
of 4.5 x 107 bar~!). This enabled equilibration of the system
along the z direction under a constant pressure of 1 bar.

Non-bonded interactions, including van der Waals and electro-
static forces, were calculated using a buffered Verlet neighbor
list32, Short-range interactions were computed directly up to a
cutoff of 1.2 nm, with van der Waals potentials smoothly shifted
to zero at the cutoff. Electrostatic interactions within the cutoff
distance were calculated explicitly in real space, whereas inter-
actions beyond the cutoff were treated using the Particle Mesh
Ewald (PME)5937 method. The SETTLE algorithm=8 was used
to constrain the internal degrees of freedom of water molecules,
while the LINCS algorithm? constrained all bonds involving hy-
drogen atoms, allowing the system to be integrated using a 2 fs
time step with the leap-frog algorithm. Following equilibration,
production simulations are performed in the NVT ensemble un-
der an applied electric field. The electric field strength (E) is
defined as E =V /I, where V is the transmembrane voltage and
I, is the box length along z-axis.*? We performed MD simulations
(each 50 ns) under the voltages of —0.25 V, —0.5V, —0.75V, and
—1.0V to investigate how cumulative water fluxes are modulated
by the applied transmembrane voltage. This simulation proto-
col was successfully established in our previous work.12 Notably,
ionic current measurements using a KClI electrolyte through a bi-
ological anthrax protective antigen nanopore have been reported
to exhibit apparent fluctuations (e.g., baseline drift and spuri-
ous signal interference), attributed to the Hofmeister effect. 4l 1
contrast, graphite nanopores appear to be completely immune to
these effects, showing stable ionic current without such spurious
fluctuations.

Four distinct tetrasaccharides (see Figure [2| ), each consist-
ing of two N-acetyl-lactosamines and differing in N-acetylation
patterns and glycosidic linkage types were studied here. The
sequence of Tetra 1 is Galf1,4-GlcNAcfB1,3-Galf1,4-GIcNAc,
Tetra 2 is Galf1,4-Glcf31,3-GalB1,4-GlcNAc, Tetra 3 is Galf1,4-
GlcNAcf1,3-Galf1,4-Gle, and Tetra 4 is GalB1,4-GlcNAcfS1,4-
Galf1,4-GIcNAc. Gal, Glc, and GlcNAc stand for galactose, glu-
cose, and N-acetylglucosamine, respectively. Tetra 1 differs from
Tetra 2 and Tetra 3 in the degree of N-acetylation, while Tetra 2
differs from Tetra 3 in the N-acetylation pattern. Tetra 4 differs
from Tetra 1 in the type of glycosidic linkage. Tetra 2 and Tetra 3,
as well as Tetra 1 and Tetra 4, are structural isomers with identical
mass. All glycan structures were constructed using the CHARMM-
GUI#2 web server, and the AMBER compatible GLYCAMO0643 force
field was used to parameterize the glycan molecules.

Starting from an equilibrated open nanopore system, a glycan
molecule (namely, Tetra 1), was positioned at the pore entrance
by replacing approximately 5-6 water molecules per monosaccha-
ride residue. Following energy minimization and a short equili-
bration, production simulations (50 ns each) were performed un-
der applied transmembrane voltages of —0.25 V, —0.5 V, —0.75

4] Journal Name, [year], [vol.], 1@]

View Article Online
DOI: 10.1039/D6NR0O0916F

V, and —1.0 V. During the equilibration phase, a harmonic posi-
tional restraint (with a force constant of 1000 kJ mol~! nm—2)
was applied to the hydroxyl O atom at the C1 position of the first
monosaccharide residue. Later, the positional restraint on the gly-
can molecule was removed during the production runs, allowing
the glycan to freely translocate through the nanopore under the
joint influence of the applied electric field and water flux. Even
after several occurrences of spontaneous translocation, the events
are too few to yield statistically reliable estimates of ionic current
blockade, therefore we adopted an alternative strategy. An um-
brella restraint (with a spring constant of 1000 kJ mol~! nm~2)
was introduced between the center of mass (COM) of atoms at
the pore entrance and the hydroxyl O atom at the C1 position of
the first monosaccharide residue; see SI Figure S1. This restraint
was found sufficient to hold the glycan in the pore. However, all
other atoms in the glycan were free to move.

This restraint effectively maintained the glycan in a config-
uration corresponding to partial translocation (approximately
halfway into the pore), with an indefinite residence time. This
approach enables sufficient sampling of ionic current blockades in
the presence of the glycan, thereby significantly improving the ac-
curacy of glycan discrimination. Notably, the restrained ‘hanging’
glycan configuration, maintained by a harmonic spring with an in-
definite residence time, also serves as a model for experimentally
captured glycan using phenylboronic acid adapter within biolog-
ical nanopores®19, Similar to Tetra 1, the other tetrasaccharides
(namely, Tetra 2, Tetra 3 and Tetra 4), as well as the pentasaccha-
ride (namely, Penta) and hexasaccharide (namely, Hexa), were
placed at the halfway along the nanopore and restrained by a har-
monic spring constant. All voltage-biased MD simulations with
glycans were performed under an applied transmembrane volt-
age of —1.0 V. For each system, 15 independent MD simulations
of 50 ns each were conducted, with distinct random seeds used to
initialize atomic velocities. This resulted in a total accumulated
trajectory length of 750 ns per system for mean ionic current4?
analysis and the distribution of the charge density around glycan
molecule.

3 Results and Discussion

3.1 Water flux driven glycan translocation

We begin the analysis of the MD simulations by assessing the mod-
ulation of the water flux associated with the EOF within a neg-
atively charged graphite nanopore under varying applied trans-
membrane voltages. For this, we considered a graphite nanopore
submerged in a 1 M KCI electrolyte solution and connected to a
negative voltage source, thereby rendering the nanopore nega-
tively charged. An independent transmembrane voltage was ap-
plied across the membrane to drive ion transport through the
nanopore. Under -1.0 V transmembrane potential, the negatively
charged graphite nanopore exhibits a purely cation-conducting
behavior, as reflected by the cumulative individual ion fluxes of
K™ and Cl~ ions. No notable ClI~ transport through the pore was
observed over the entire simulation time. The K* ion flux induces
a huge water flux in the same direction as the applied electric field
(Figure[3]A). Subsequently, we varied the applied transmembrane
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Fig. 3 Water flux driven glycan translocation. (A) Cumulative flux of the ions and water through the open nanopore under a transmembrane voltage
of -1 V. The species are color-coded as defined in the labels. The directions of the applied transmembrane electric field (E) and the electro-osmotic
flow (EOF) are indicated. (B) Cumulative water flux under different transmembrane voltages, demonstrating modulation of water transport by the
applied voltage. (C) Representative MD snapshot illustrating water flux driven glycan translocation through the nanopore. The begin and end of the
translocation process is depicted using a color gradient from red to blue, respectively. (D) In the top panel, the time evolution of the distance between
the center of mass (COM) of the pore entrance atoms and the hydroxyl O atom at the C1 position of the first monosaccharide unit of the glycan is
shown. A zoomed-in view of the initial 5 ns (gray box in the top panel) of the translocation event is shown in the bottom panel, emphasizing the
variation in the extent of the translocation with the applied transmembrane voltage.

voltage from -1.0 V to -0.25 V in steps of -0.25 V and monitored
the cumulative water flux under each biased potential. Interest-
ingly, the cumulative water flux decreases as the transmembrane
potential is reduced from -1.0 V to -0.25 V, indicating that the
magnitude of EOF can be precisely modulated by tuning the ap-
plied transmembrane voltage (Figure ). It is worth noting that
the present negatively charged graphite nanopore setup can be
viewed as analogous to a nanofluidic pnp-type transistord442|
exhibiting current amplification behavior (SI Figure S2 and S3),
where positive charge carriers dominate the transport from the
emitter to the collector.

Following this, we investigated the EOF-driven translocation of
a glycan through the nanopore. To this end, a glycan molecule
(namely, Tetra 1) was placed at the entrance of the nanopore and
allowed to translocate freely (Figure ) along the pore under
applied transmembrane voltages of -1.0 V, -0.75V, -0.50 V, and -
0.25 V. Translocation events were successfully observed at all four
transmembrane voltages, with the timescale of the translocation
process varying significantly with the applied voltage, as evident

from the dynamics of the glycan distance (hydroxyl O atom at
the C1 position of the first monosaccharide unit) to the pore en-
trance (and its center of mass, COM) shown in (Figure ). Gly-
can translocation was fastest at -1.0 V and slowest at -0.25 V, with
typical dwell times (defined as the time required for the hydroxyl
O atom to traverse 6 nm from the COM) of approximately 8 ns
at-1.0V, 15 ns at -0.75 'V, 34 ns at -0.5 V, and more than 50 ns
at -0.25 V. This trend is consistent with the magnitude of the wa-
ter flux under applied voltages, as shown in Figure 3B, indicating
that adjusting the applied transmembrane voltage controls EOF-
driven glycan translocation and, in turn, the dwell time of glycans
within the nanopore. To further support this observation, we car-
ried out translocation simulations at -1.0 V using a charge-neutral
nanopore, under which no translocation was observed (SI Figure
S4). EOF-driven glycan translocation has also been reported pre-
viously in the case of OmpF biological nanopore in which the in-
trinsic EOF generates a robust driving force for the translocation
of unlabeled, neutral oligosaccharides.’8
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3.2 Glycan discrimination

Despite multiple occurrences of spontaneous translocation
events, it might be insufficient to obtain statistically robust esti-
mation of ionic current blockades within the simulation timescale.
To circumvent this limitation, we have adopted an alternative
strategy; an umbrella restraint was introduced between the cen-
ter of mass (COM) of atoms at the pore entrance and the hy-
droxyl O atom at the C1 position of the first monosaccharide
residue (SI Figure S1). This restraint effectively maintained the
glycan in a partially translocated configuration - approximately
halfway into the pore, with an indefinite residence time. This ap-
proach enabled sufficient sampling of ionic current blockades in
the presence of the glycan. The strategy described above can be
viewed as analogous to capture glycans using phenylboronic acid
adapter within biological nanopores®1617 which prolongs gly-
can dwell time and enables their accurate detection. This further
hints at the possibility of functionalizing the graphite nanopore
with phenylboronic acid; however, this possibility is not explored
in the present study. Employing this restraint simulation setup,
we were able to discriminate glycans with different degrees of
N-acetylation, distinct N-acetylation patterns, and different gly-
cosidic linkages. Notably, the latter two classes correspond to
structural isomers with identical molecular masses. Furthermore,
we extended glycan discrimination to species with different de-
grees of polymerization by gradually increasing the number of
monosaccharide units in the glycan chain. The following sections
provide a detailed discussion of these findings. Note that, all sim-
ulations were performed under an applied transmembrane volt-
age of -1.0 V, at which the highest ionic current was observed. Al-
though faster spontaneous translocation events were also found
at -1.0 V, the primary motivation for this choice was a high ionic
current, which enables more accurate estimation of current block-
ades by reducing statistical uncertainty. Although our proof-of-
principles observations are very promising, a direct comparison
to relevant experiments1? is not possible due to significant differ-
ences in pore materials and translocation conditions. In a broad
sense, structurally distinct tetrasaccharides, as well as pentasac-
charide, and hexasaccharide are expected to exhibit characteristic
ionic current regimes in experimental measurements. The objec-
tive of this work was to provide molecular-level insights fully uti-
lizing the simulations. These aim to initiate and motivate relevant
experimental work.

3.2.1 Different degrees of N-acetylation

In view of glycan detection, we first aimed to differentiate two
glycan chains with distinct degrees of N-acetylation. To this end,
we analyzed two glycans, Tetra 1 and Tetra 2. In Tetra 1, the third
monosaccharide unit is N-acetylglucosamine, whereas in Tetra 2,
it is replaced by glucose (Figure [4A). This subtle steric difference
is expected to be reflected in the ionic current recordings. In-
deed, the mean blockade current for Tetra 1 differs from that of
Tetra 2, with Tetra 1 exhibiting a slightly lower mean current.
To delineate the molecular mechanism underlying the differences
in ionic current traces, we analyzed the charge density distribu-
tion around the glycan within the pore lumen. Not only does
the confinement of the glycan within the pore naturally introduce
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a nonuniform charge distribution, but steric effects also impede
ion flow, thereby reducing the local charge density around the
moiety. Using Tetra 1 as a reference, an evident difference in
charge density is observed at the position of the third monosac-
charide, where Tetra 1 contains N-acetylglucosamine and Tetra
2 contains glucose. In Tetra 2, more ions flow around the glu-
cose residue due to the absence of the N-acetyl group present in
N-acetylglucosamine, thereby enhancing the charge density. In
the same vein, we also analyzed Tetra 1 and Tetra 3, in which
the first residue in Tetra 1 is N-acetylglucosamine, whereas it is
glucose in Tetra 3. A distinct difference in blockade current was
observed between the two species, accompanied by a difference
in local charge density (SI Figure S5). These results underpin the
capability of the graphite nanopore to distinguish glycans with
different N-acetylation degrees.

3.2.2 Different N-acetylation pattern

We next investigated our glycan detection strategy to glycans that
differ in their N-acetylation patterns, i.e., in the relative positions
of N-acetylglucosamine and glucose residues along the chain. No-
tably, these glycans have identical molecular masses but are dis-
tinct structural isomers. Identifying structural isomers with the
same mass is inherently challenging using mass spectrometry; in
most cases, such distinctions require NMR spectroscopy. Similar
challenges were also reported in the diagnosis of PTMs in pro-
teins.?# To this end, we considered two glycan chains, namely
Tetra 2 and Tetra 3. In Tetra 2, the first monosaccharide residue
is N-acetylglucosamine, which is replaced by glucose in Tetra 3;
conversely, the third N-acetylglucosamine residue in Tetra 3 is re-
placed by glucose in Tetra 2 (Figure [4B). The blockade currents
of Tetra 2 and Tetra 3 show a significant difference. This can
be rationalized by variations in the charge density distribution
around the glycans, arising from differences in their molecular
shape. Notably, in Tetra 2, the N-acetyl group on the first N-
acetylglucosamine residue introduces steric hindrance to the ion
flow, thereby lowering the local charge density; in contrast, in
Tetra 3 the N-acetyl group is located on the third residue, result-
ing in a charge density distribution that is mirrored relative to
Tetra 2.

3.2.3 Different glycosidic linkages

Following the successful detection of structurally isomeric glycans
with different N-acetylation patterns, we probe the potential of
the negatively charged graphite nanopore in differentiating two
glycans with distinct glycosidic bonds (Figure [4[C) Structural iso-
mers, which arise from variations in glycosidic linkages, are ubiq-
uitous and pose considerable difficulties for glycan analysis. In
Tetra 1, the second glycosidic bond between galactose and N-
acetylglucosamine is a 1,3 linkage, whereas in Tetra 4, the same
bond is a 1,4 linkage. Otherwise, the two glycans are identical,
and are thereby expected to produce nearly identical blockade
currents. Indeed, the mean blockade currents of Tetra 1 and Tetra
4 are not significantly different, though their subtle differences
can be resolved at pA-resolution. As glycosidic linkages govern
the molecular conformation of glycans, the charge accumulation
around the glycans within the pore also differs.
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Fig. 4 Discrimination of glycans with different degrees of N-acetylation (panel A), different N-acetylation patterns (panel B), and different glycosidic
linkages (panel C). Symbol-based representations of Tetra 1, Tetra 2, Tetra 3, and Tetra 4 are shown as defined in Figure Thin light gray arrows
indicate the direction of cation flow, as the negatively charged nanopore conducts cations exclusively. Calculated nanopore ionic currents for the
tetrasaccharides, with associated uncertainties, are presented along with charge density distributions around the glycan within the pore lumen. The
structural differences between the two tetrasaccharide units, as well as the corresponding differences in charge density, are highlighted in light gray.
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3.2.4 Different degrees of polymerization

Finally, we extended the applicability of the graphite nanopore
to discriminate glycans with different chain lengths. To this end,
tetrasaccharide glycan chains were extended to hexasaccharides
by alternately adding N-acetylglucosamine and galactose units
(Figure[5A). As expected, increasing the chain length further im-
pedes ion flow, resulting in a gradual decrease in the mean block-
ade current - highest for Tetra 1, intermediate for Penta, and low-
est for Hexa (Figure ). This data indicates an overall linear cor-
relation between the current blockade and glycan chain length.
Besides this, in biology, glycans are also found with two or more
branches, which are not considered in the present study. Nonethe-
less, graphite nanopores hold significant promise for their detec-
tion. Realizing this potential will involve the development of
nanopore with larger pore diameters, motivating follow up in-
vestigation. Furthermore, functionalization of graphite nanopore
with Lewis acids, such as a phenylboronic acid, in combination
with EOF-facilitated translocation, could substantially expand the
applicability of nanopore sensing to other carbohydrates, partic-
ularly monosaccharides, as well as to other small-molecule ana-
lytes with high precision.

A Different degrees of polymerization

Fetra 1 51,4 ELAL3 )\ AL 4
- 3 = =5 =
lexa 1,4 81,3/ \AL, 4 81,377\ A1, 4

B 0 Tetra 1 Penta Hexa
< -0.44
£
— 0.6
c
L -0.84
>
o M
-1.24

Fig. 5 ldentifying glycans with varying degrees of polymerization. (A)
Symbol-based representations from tetrasaccharides to hexasaccharides,
and (B) their blockade ionic currents.

4 Concluding Remarks

In closing, this computational investigation demonstrates the
capability of negatively charged graphite nanopore for single-
molecule glycan detection. Under applied transmembrane volt-
age, the negatively charged nanopore generates EOF, which
drives glycan translocation and provides a label-free approach
for transporting these charge-neutral molecules through the
nanopore. Building on this, we systematically elucidated the
discrimination of various glycan molecules, including differences
in the number of N-acetylations, distinct N-acetylation patterns,
and even regioisomeric configurations. These complex yet subtle
structural compositional differences give rise to distinct ionic cur-
rent responses, resolved in the pA-region, which are in fact traced
to species-dependent charge accumulation within the nanopore
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lumen. In fact, the glycan differentiation was extended to glycans
of varying chain lengths.

Similar to biological pores, solid-state nanopores such as the
graphite material proposed here show a high potential in glycan
read-out. The latter provide additionally with a higher material
stability and an ease in functionalization, which would in turn
provide an additional mode in enhancing the discrimination pos-
sibly also beyond the pA range. At the same time tuning the
EOF-guided translocation in order to enhance the sensing accu-
racy can be achieved by adjusting the interplay of the transmem-
brane electric field to the charging of the material, a fairly sim-
ple approached compared to strategies (such as pore engineer-
ing and mutations) followed in biological nanopores. With this
study we aimed to explore for the first time the potential of solid-
state nanopores in glycan detection. Accordingly, this is the first
step towards a realization of glycan detection with selective solid-
state nanopores. Beyond the moleculer-level proof-of-principles
insights provided here, follow up computational studies should
further explore this potential to investigate mixtures of analytes,
the capture of the molecules from the pore, translocation kinetics,
etc. and at the same time complement with parallel experimental
studies. Taken together, this work underscores the potential of
graphite nanopores for high-resolution carbohydrate analysis and
paves the way for the future development of glycan sequencing
using solid-state-based nanopores.
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