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Glycans are fundamental biomolecules whose biological functions are encoded in subtle structural fea-
tures, posing significant challenges for their analytical discrimination. In this all-atom molecular 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, distinct ionic current signa-
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tures 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 translocation and offers a chemically label-

rsc.li/nanoscale free approach for glycan detection.
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1 Introduction and background

Glycans, composed of multiple monosaccharide units con-
nected by glycosidic linkages, are essential biological macro-
molecules alongside proteins and polynucleic acids. Notably,
the biological functions, particularly the molecular recognition
processes of glycans and glycoconjugates (such as, glycolipids
and glycoproteins), are directly associated with the structural
features of sugar moieties.””> For instance, the functional
groups in glycans determine their chemical properties, which
in turn modulate their binding affinity.> Variations in glycosi-
dic linkages give rise to distinct glycan conformations, further
affecting receptor binding. In addition, glycan chain length
also plays a key role in biological 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 composi-
tionally diverse proteins with heterogeneous charge distri-
butions, glycans are generally uncharged and display extensive
stereochemical diversity resulting from variations in monosac-
charide composition, anomeric configuration, and glycosidic
linkage. This inherent structural complexity of glycans poses
significant challenges for their accurate detection and sequen-
cing. In DNA sequencing, as well as more recently in protein
sequencing, the nanopore detection technology has achieved
remarkable success owing to its accurate, fast, chemical-free,
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and cost-effective approach.® In nanopore-based single-mole-
cule 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
a-hemolysin,®** aerolysin,'>™** Mycobacterium smegmatis porin
A (MspA),">™"” and outer membrane porin F (OmpF)."® The
monosaccharide isomers p-glucose and p-fructose were suc-
cessfully discriminated using an engineered o-hemolysin
nanopore  functionalized with  phenylboronic  acid.
Phenylboronic acid reversibly reacts with monosaccharides,
prolonging their residence time within the nanopore and
thereby enhancing the accuracy of saccharide detection.® This
strategy was subsequently extended to enable the identification
of nine commonly occurring monosaccharides, including
p-galactose, p-mannose, p-glucose, L-sorbose, p-ribose, p-xylose,
t-thamnose, and N-acetyl-p-galactosamine, using the MspA
biological nanopore.'®> Furthermore, MspA nanopores conju-
gated with a phenylboronic acid adapter have been employed
to distinguish disaccharides with different glycosidic lin-
kages.'® Glycans with chain lengths ranging from disacchar-
ides to pentasaccharides have also been differentiated using
chemically labeled approaches based on the aerolysin nano-
pore.'? More recently, label-free detection of neutrally charged
polysaccharides has been successfully achieved using OmpF*®
and o-hemolysin'® nanopores, alongside glycosidase-assisted
glycan sequencing approach.” Collectively, these pioneering
studies highlight the great potential of nanopore technologies
for saccharide detection. However, the translocation of net
charge-neutral glycan molecules through biological nanopores
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poses a significant challenge for bio-nanopore-based glycan
sequencing technologies. This limitation is circumvented 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
similar EOF-guided translocation strategy could, in principle,
be achieved in charged solid-state nanopores."®

In contrast to biological nanopores, glycan detection with
solid-state nanopores remains relatively unexplored. Recently
though, Pathak and co-workers demonstrated the discrimi-
nation of monosaccharide anomers and stereoisomers with
excellent sensitivity using graphene-based nanogap electrodes
by integrating quantum transport measurements with artificial
intelligence.”® This approach has been further extended to
also differentiate among various regioisomers.>" Nevertheless,
ionic current-based glycan detection using material-based
nanopores remains an untapped frontier in nanopore ana-
Iytics. In fact, though biological pores are considered more
specific and can be selectively engineered,’” solid-state
materials can be better integrated with electronics and com-
bined with different measurement modalities (ionic, elec-
tronic, 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 geometry for solid-state nanopores,
the aerolysin biological nanopore has emerged as a particu-
larly inspiring model. The aerolysin nanopore has achieved
exceptional success not only in glycan sensing,'*'? but also in
resolving isomeric post-translational modifications (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 con-
striction zone (Fig. 1). Exploiting the electrical conductivity of
graphite, an external voltage was applied to the nanopore to
render it negatively charged. Additionally, an independent
transmembrane electric bias was applied to drive ion flow,
generating ionic currents through which glycans could be dis-
criminated. Unlike polynucleic acids such as DNA and RNA,
glycan chains are typically net charge-neutral molecules.
Consequently, electrophoretic forces (EPF) alone are ineffective
for driving glycan translocation through a nanopore,* in con-
trast to DNA, where the negatively charged phosphate back-
bone enables efficient electrophoretic transport. This limit-
ation in the case of glycans can be overcome through the use
of an EOF. Previous studies demonstrated that the charged
nanopore exhibits charge-exclusive ion selectivity, which gives
rise to an EOF associated with a pronounced unidirectional
water flow through the pore.’®?®?” Notably, the combination
of EOF acting opposite to the EPF has been shown to be
effective in linearizing a protein within the pore lumen, a criti-
cal requirement for protein sequencing.*®

Using an all-atom Molecular Dynamics (MD) approach, we
unravel 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 Fig. 2), which constitute the back-
bone of glycoconjugates such as N- and O-linked glycoproteins
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Graphite nanopore

~1.4 nm

Fig. 1 Schematic representation of a graphite nanopore (top panel)
inspired by the aerolysin biological nanopore (bottom 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, independent
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 KCl electrolyte solution. The graphite nanopore is
shown in a gray cutaway molecular surface representation. K* and Cl™
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 9FM6’
in the PDB database.

and glycolipids." 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 comprehen-
sive insights into the differentiation of these glycans, under-
scoring 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 gra-
phene layers, each measuring 10 nm x 10 nm, generated using
the Carbon Nanostructure Builder plugin in VMD.?®

This journal is © The Royal Society of Chemistry 2026
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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 Galpl,4-GlcNAcpl,3-Galpl,4-GlcNAc, Tetra 2 is Galpl,4-Glcpl,3-Galpl,4-GlcNAc, Tetra 3
is Galpl,4-GlcNAcp1,3-Galpl,4-Glc, and Tetra 4 is Galpl,4-GlcNAcpl,4-Galpl,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. Galactose, glucose, and N-acetylglucosamine, along with 1,3 and p1,4 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 p1,3 and
p1.4 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

consistently used throughout.

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 dia-
meter of 1.4 nm that closely resembles the pore architecture of
the biological aerolysin nanopore; see schematic diagram of
Fig. 1 in the main text for the bio-inspired graphite nanopore
used for glycan detection. The graphite material was parame-
terized using the generalized Amber force field (GAFF),>*°
while graphitic carbon atoms were treated as aromatic carbons
(ca atom type) within the framework of GAFF. Following this, a
partial charge of —0.001e was assigned to each graphitic
carbon atom, resulting in an overall negatively charged nano-
pore that generates a unidirectional water flow (i.e. EOF)
induced by the pore lumen charge, thereby facilitating glycan

This journal is © The Royal Society of Chemistry 2026

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
setting the charge to |0.002|e/nanopore atom. In this case,
though, the EOF and EPF are anti-parallel hindering the
glycan movement. The nanopore was then placed in a simu-
lation box measuring 10 nm x 10 nm x 11.5 nm, which was
then filled with 16 920 TIP3P*' water molecules. A total of
82 K' ions were added to neutralize the net charge of the nega-
tively charged nanopore system. In addition, 723 K" and 723
Cl™ ions were introduced to achieve a 1 M KCl electrolyte solu-
tion, bringing the total number of atoms in the open nanopore
system to 133 810. Periodic boundary conditions (PBC) were
applied in all three directions.

Nanoscale


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nr00916f

Open Access Article. Published on 12 May 2026. Downloaded on 6/5/2026 1:34:33 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Molecular Dynamics (MD) simulations of the graphite-
based nanopore submerged in an aqueous 1 M KCI solution
were conducted using the implementation in GROMACS®?
(version 2024.4). We begin the MD simulations with energy
minimization of the system using the steepest descent algor-
ithm. To maintain the structural integrity of the graphite
material, harmonic position restraints with a force constant of
10000 k] mol™* nm™ were applied to all graphitic carbon
atoms and maintained throughout the subsequent MD simu-
lations. The system is subsequently equilibrated by raising the
temperature from 0 K to 300 K over 1 ns under the canonical
(NVT) ensemble. This was followed by a 5 ns equilibration
under isobaric-isothermal (NPT) ensemble. The temperature
was kept constant at 300 K using a velocity®® rescaling thermo-
stat with a coupling time constant of 0.1 ps. A semi-isotropic
pressure coupling allowing independently coupling the lateral
(xy) directions and the normal (z) direction 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
electrostatic forces, were calculated using a buffered Verlet
neighbor list.>> 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 interactions beyond the cutoff were treated
using the Particle Mesh Ewald (PME)***” method. The
SETTLE algorithm®® was used to constrain the internal degrees
of freedom of water molecules, while the LINCS algorithm®”
constrained all bonds involving hydrogen 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 under an
applied electric field. The electric field strength (E) is defined
as E = V/l,, where V is the transmembrane voltage and [, is the
box length along z-axis.*® We performed MD simulations (each
50 ns) under the voltages of —0.25 V, —0.5 V, —0.75 V, and —1.0
V to investigate how cumulative water fluxes are modulated by
the applied transmembrane voltage. This simulation
protocol was successfully established in our previous work."®
Notably, ionic current measurements using a KClI
electrolyte through a biological anthrax protective antigen
nanopore have been reported to exhibit apparent
fluctuations (e.g., baseline drift and spurious signal inter-
ference), attributed to the Hofmeister effect.*’ In contrast,
graphite nanopores appear to be completely immune to these
effects, showing stable ionic current without such spurious
fluctuations.

Four distinct tetrasaccharides (see Fig. 2), each consisting
of two N-acetyl-lactosamines and differing in N-acetylation pat-
terns and glycosidic linkage types were studied here. The
sequence of Tetra 1 is GalP1,4-GlcNAcf1,3-Galp1,4-GlcNAc,
Tetra 2 is GalP1,4-Glcp1,3-Galp1,4-GlcNAc, Tetra 3 is Galp1,4-
GIcNAcp1,3-Galp1,4-Gle, and Tetra 4 is Galp1,4-GlcNAcf1,4-
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Galp1,4-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. All glycan structures were con-
structed using the CHARMM-GUI*> web server, and the
AMBER compatible GLYCAMO6 ** force field was used to para-
meterize the glycan molecules.

Starting from an equilibrated open nanopore system, a
glycan molecule (Tetra 1), was positioned at the pore
entrance by replacing approximately 5-6 water molecules per
monosaccharide residue. Following energy minimization and
a short equilibration, production simulations (50 ns each)
were performed under applied transmembrane voltages of
—0.25V, —=0.5V, —0.75 V, and —1.0 V. During the equilibration
phase, a harmonic positional restraint (with a force
constant of 1000 k] mol~* nm~?) was applied to the hydroxyl O
atom at the C1 position of the first monosaccharide residue.
Later, the positional restraint on the glycan molecule was
removed during the production runs, allowing the glycan to
freely translocate through the nanopore under the joint influ-
ence 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 umbrella restraint (with a spring constant of
1000 kJ] mol™ nm™?) 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 Fig. S1. This restraint was found sufficient to hold the
glycan in the pore. However, all other atoms in the glycan were
free to move.

The restraint effectively maintained the glycan in a con-
figuration corresponding to partial translocation (approxi-
mately 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 sig-
nificantly improving the accuracy of glycan discrimination.
Notably, the restrained ‘hanging’ glycan configuration, main-
tained by a harmonic spring with an indefinite residence time,
also serves as a model for experimentally captured glycan
using phenylboronic acid adapter within biological
nanopores.®>'® Similar to Tetra 1, the other tetrasaccharides
(namely, Tetra 2, Tetra 3 and Tetra 4), as well as the pentasac-
charide (namely, Penta) and hexasaccharide (namely, Hexa),
were placed at the halfway along the nanopore and restrained
by a harmonic spring constant. All voltage-biased MD simu-
lations with glycans were performed under an applied trans-
membrane voltage of —1.0 V. For each glycan, 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 current’® analysis and the distribution of the
charge density around the glycan molecule.

This journal is © The Royal Society of Chemistry 2026
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3 Results and discussion
3.1 Water flux driven glycan translocation

We begin the analysis of the MD simulations by assessing the
modulation of the water flux associated with the EOF within a
negatively charged graphite nanopore under varying applied
transmembrane voltages. For this, we considered a graphite
nanopore submerged in a 1 M KCl electrolyte solution and
connected to a negative voltage source, thereby rendering the
nanopore negatively charged. An independent transmembrane
voltage was applied across the membrane to drive ion trans-
port through the nanopore. Under —1.0 V transmembrane
potential, the negatively charged graphite nanopore exhibits a
purely cation-conducting behavior, as reflected by the cumulat-
ive individual ion fluxes of K" and CI~ ions. No notable CI~
transport through the pore was observed over the entire simu-
lation time. The K" ion flux induces a huge water flux in the
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same direction as the applied electric field (Fig. 3A).
Subsequently, we varied the applied transmembrane 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.
Interestingly, the cumulative water flux decreases as the trans-
membrane potential is reduced from —1.0 V to —0.25 V, indi-
cating that the magnitude of EOF can be precisely modulated
by tuning the applied transmembrane voltage (Fig. 3B). It is
worth noting that the present negatively charged graphite
nanopore setup can be viewed as analogous to a nanofluidic
pnp-type transistor,’*** exhibiting current amplification be-
havior (SI Fig. S2 and S3), where positive charge carriers domi-
nate 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 mole-
cule (Tetra 1) was placed at the entrance of the nanopore and
allowed to translocate freely (Fig. 3C) along the pore under

Distance [COM...O] (nm)

L] T
0 10 20 30 40 50
Time (ns)

Distance [COM...Q] (nm)
w

5000 L 1 -1.00V\-075Vv
-6000 - 57 I
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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 start 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, emphasiz-
ing the variation in the extent of the translocation with the applied transmembrane voltage.

This journal is © The Royal Society of Chemistry 2026 Nanoscale
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applied transmembrane voltages of —1.0 V, —0.75 V, —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 monosacchar-
ide unit) to the pore entrance (and its center of mass, COM)
shown in (Fig. 3D). Glycan 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 —1.0 V, 15 ns at —0.75 'V, 34
ns at —0.5 V, and more than 50 ns at —0.25 V. This trend is con-
sistent with the magnitude of the water flux under applied vol-
tages, as shown in Fig. 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 carried out
translocation simulations at —1.0 V using a charge-neutral
nanopore, under which no translocation was observed (SI
Fig. S4). EOF-driven glycan translocation has also been
reported previously in the case of OmpF biological nanopore
in which the intrinsic EOF generates a robust driving force for
the translocation of unlabeled, neutral oligosaccharides."®

3.2 Glycan discrimination

Despite multiple occurrences of spontaneous translocation
events, it might be insufficient to obtain statistically robust
estimation 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 center of mass (COM) of atoms at the pore
entrance and the hydroxyl O atom at the C1 position of the
first monosaccharide residue (SI Fig. S1). This restraint effec-
tively maintained the glycan in a partially translocated con-
figuration - approximately halfway into the pore, with an inde-
finite residence time. This approach enabled sufficient
sampling of ionic current blockades in the presence of the
glycan. The strategy described above can be viewed as analo-
gous to capturing glycans using phenylboronic acid adapter
within biological nanopores,®'®'” which prolongs the glycan
dwell time and enables their accurate detection. This further
hints at the possibility of functionalizing the graphite nano-
pore with phenylboronic acid. However, this possibility is not
explored in the present study. Employing this restraint simu-
lation setup, we were able to discriminate glycans with
different degrees of N-acetylation, distinct N-acetylation pat-
terns, and different glycosidic linkages. Notably, the latter two
classes correspond to structural isomers with identical mole-
cular masses. Furthermore, we extended glycan discrimination
to species with different degrees of polymerization by gradu-
ally increasing the number of monosaccharide units in the
glycan chain. The following sections provide a detailed discus-
sion of these findings. Note that, all simulations were per-
formed under an applied transmembrane voltage of —1.0 V, at
which the highest ionic current was observed. Although faster
spontaneous translocation events were also found at —1.0 V,
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the primary motivation for this choice was a high ionic
current, which enables more accurate estimation of current
blockades by reducing statistical uncertainty. Although our
proof-of-principles observations are very promising, a direct
comparison to relevant experiments' is not possible due to
significant differences in pore materials and translocation con-
ditions. In a broad sense, structurally distinct tetrasaccharides,
as well as pentasaccharide, and hexasaccharide are expected to
exhibit characteristic ionic current regimes in experimental
measurements. The objective of this work was to provide mole-
cular-level insights fully utilizing 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 monosac-
charide unit is N-acetylglucosamine, whereas in Tetra 2, it is
replaced by glucose (Fig. 4A). This subtle steric difference is
expected to be reflected in the ionic current recordings.
Indeed, 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 distribution around the glycan within the pore lumen.
Not only does the confinement of the glycan within the pore
naturally introduce 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 posi-
tion of the third monosaccharide, where Tetra 1 contains
N-acetylglucosamine and Tetra 2 contains glucose. In Tetra 2,
more ions flow around the glucose 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 ana-
lyzed Tetra 1 and Tetra 3, in which the first residue in Tetra 1
is a N-acetylglucosamine, whereas it is a 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 Fig. 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 extend our
glycan detection strategy to glycans that differ in their
N-acetylation patterns, ie., in the relative positions of
N-acetylglucosamine and glucose residues along the chain.
Notably, these glycans have identical molecular masses but are
distinct structural isomers. Identifying structural isomers with
the same mass is inherently challenging using mass spec-
trometry; in most cases, such distinctions require NMR spec-
troscopy. Similar challenges were also reported in the diagno-
sis of PTMs in proteins.>® To this end, we considered
two glycan chains, 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 replaced by glucose
in Tetra 2 (Fig. 4B). The blockade currents of Tetra 2 and Tetra

This journal is © The Royal Society of Chemistry 2026
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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 glycosi-
dic linkages (panel C). Symbol-based representations of Tetra 1, Tetra 2, Tetra 3, and Tetra 4 are shown as defined in Fig. 2. 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 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 con-
trast, in Tetra 3 the N-acetyl group is located on the third
residue, resulting in a charge density distribution that is mir-
rored relative to Tetra 2.

3.2.3 Different glycosidic linkages. Following the success-
ful 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 (Fig. 4C). Structural isomers, which
arise from variations in glycosidic linkages, are ubiquitous
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 p1,4 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 glycosi-
dic linkages govern the molecular conformation of glycans,
the charge accumulation around the glycans within the pore
also differs.

3.2.4 Different degrees of polymerization. Finally, we
extended the applicability of the graphite nanopore to dis-
criminate glycans with different chain lengths. To this end, tet-
rasaccharide glycan chains were extended to hexasaccharides
by alternately adding N-acetylglucosamine and galactose units
(Fig. 5A). As expected, increasing the chain length further
impedes ion flow, resulting in a gradual decrease in the mean
blockade current - highest for Tetra 1, intermediate for Penta,
and lowest for Hexa (Fig. 5B). These data indicate an overall
linear correlation between current blockades and glycan chain

A Different degrees of polymerization
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Fig. 5 Identifying glycans with varying degrees of polymerization. (A)
Symbol-based representations from tetrasaccharides to hexasacchar-
ides, and (B) their blockade ionic currents.
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length. Besides this, in biology, glycans are also found with
two or more branches, which are not considered in the present
study. Nonetheless, graphite nanopores hold significant
promise for their detection. Realizing this potential will
involve the development of nanopore with larger pore dia-
meters, motivating follow up investigation. 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, particularly mono-
saccharides, as well as to other small-molecule analytes with
high precision.

4 Concluding remarks

In closing, this computational investigation demonstrates the
capability of negatively charged graphite nanopores for single-
molecule glycan detection. Under an applied transmembrane
voltage, 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 upon this, we systematically elucidated the
discrimination of various glycan molecules, including differ-
ences in the number of N-acetylations, distinct N-acetylation
patterns, and even These
complex yet subtle structural compositional differences give
rise to distinct ionic current responses, resolved in the pA-
region, which are in fact traced to species-dependent charge
accumulation within the nanopore 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 additionally provides a higher
material stability and ease in functionalization, which would
in turn provide an additional mode in enhancing the discrimi-
nation possibly also beyond the pA range. At the same time,
tuning the EOF-guided translocation in order to enhance the
sensing accuracy can be achieved by adjusting the interplay of
the transmembrane electric field to the charging of the
material, a fairly simple approach compared to strategies (such
as pore engineering 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 detec-
tion. Accordingly, this is the first step towards the realization
of glycan detection with selective solid-state nanopores.
Beyond the molecular-level proof-of-principles insights pro-
vided here, follow-up computational studies should further
explore this potential to investigate mixtures of analytes, the
capture of the molecules to the pore, translocation kinetics,
etc. and at the same time complement with parallel experi-
mental studies. Taken together, this work underscores the
potential of graphite nanopores for high-resolution carbo-
hydrate analysis and paves the way for the future development
of glycan sequencing using solid-state-based nanopores.

regioisomeric configurations.
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