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Enzymatic hydrolysis of oligosaccharides plays a pivotal role in important biological processes, but
conventional analytical tools struggle to determine these functional components with single-
monosaccharide resolution and ultrahigh sensitivity. Here, we report a nanopipette-based strategy for
the length discrimination of enzymatically hydrolyzed galacturonic acid oligosaccharides differing by
a single monosaccharide unit while achieving femtomolar (fM) level detection limits. Using this approach,
we precisely identify six types of enzymatic hydrolysates, even in complex mixtures. Incorporating
machine learning further enhances classification performance, achieving 0.98 accuracy. This study
establishes an advanced platform for high-precision carbohydrate analysis, offering new possibilities for
glycosidase-assisted glycan sequencing, enzymatic degradation studies, and gut microbiota metabolism
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Introduction

Enzymatic hydrolysis of polysaccharides generates oligosac-
charides with structural characteristics that play critical roles in
nutrition," and biological regulation.” However, the precise
analysis of these hydrolysates is inherently challenging because
of their trace amounts in complex biological samples and their
high structural similarity, where species may differ by only
a single monosaccharide residue.® Such subtle variations can
profoundly affect molecular recognition and biological activity.*
This challenge is further compounded by the fact that many
bioactive oligosaccharides exist at ultra-trace concentrations
(fM-nM) in biological systems, where they can cross the intes-
tinal barrier and exert systemic effects.>® Current analytical
techniques, such as nuclear magnetic resonance (NMR) spec-
troscopy’® and mass spectrometry (MS),>*® have provided
significant insights into polysaccharide structures. However,
their use is constrained by labor-intensive procedures and
limited sensitivity toward low-abundance species.*'* For
example, NMR and MS require sample concentrations well
above 0.01% by mass (nM-uM),">™* necessitating pg-scale
samples, which are often impractical for detecting trace-level
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oligosaccharides within complex biological systems. Given
these limitations, there is an urgent need for ultra-sensitive
analytical technologies that can detect and structurally profile
oligosaccharides at trace levels, including those generated by
enzymatic hydrolysis. Such advancements would enable deeper
insights into glycan function and offer new opportunities for
precise regulation of their biological effects.

Nanopore-based sensing offers a promising alternative,
enabling single-molecule detection of oligosaccharides through
their characteristic ionic current signatures.” While engineered
biological nanopores can distinguish oligosaccharide building
blocks and chain lengths,'**® they generally require high
concentrations (e.g., 10-500 uM),**"* limiting their applicability
in biological and clinical samples where glycans are often
present at much lower concentrations. In contrast, nano-
pipettes offer detection limits in the femtomolar (fM) to pico-
molar (pM) range.”>** However, their application to small
oligosaccharides has been hindered by rapid translocation
speeds and limited spatial resolution,”**® due to the relatively
large pore sizes that impede reliable discrimination at the
single-saccharide level.”**°

Here, we demonstrate a proof-of-concept for length-
discrimination of enzymatically hydrolyzed galacturonic acid
oligosaccharides using nanopipettes. As representative acidic
glycans with indicative bioactivity but poorly defined biological
roles,*** their strong anionic nature often complicates their
detection. Our method distinguishes oligosaccharides with
length differences of a single monosaccharide unit either
independently or in mixtures. It achieves exceptional sensitivity,
detecting galacturonic acid oligosaccharides down to 1 fM
(using ~200 pL sample volume), a concentration 10°-10° times
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lower than current MS and NMR detection limits.**** With
machine learning, we further discriminate six distinct oligo-
saccharides with an accuracy of 0.98. These results highlight the
potential of nanopipette technology to achieve single-
oligosaccharide length discrimination and sequence recogni-
tion for trace enzymatic hydrolysis products. This advancement
opens up new possibilities in nutrition, microbiome analysis,
and therapeutics.

Results and discussion

A library of enzymatically derived oligosaccharides was
prepared by treating high-molecular-weight polygalacturonic
acid (average My, ~150 kDa) with controlled demethylation
followed by glycosidase hydrolysis (SI Method, Fig. S1-S4, and
Tables S1 and S2). This process selectively cleaved glycosidic
bonds, yielding oligosaccharides of defined chain lengths. The
resulting hydrolysates were purified in two steps: size-exclusion
chromatography to enrich lower-molecular-weight fractions
and hydrophilic interaction liquid chromatography (HILIC)
separation for further refinement (Fig. S5 and S6). Mass spec-
trometry analysis (Fig. S7-S9) confirmed the sequential increase
in the degree of polymerization (DP) among the purified oligo-
saccharides (GalA2-6).*

This well-defined oligosaccharide library was then used as
analytical standards to establish a nanopipette-based sensing
platform (Fig. 1). To achieve robust detection, nanopipettes
with various diameters were evaluated. A 13 nm pore exhibited
a higher signal-to-noise ratio (SNR) and greater event effi-
ciency for oligosaccharide GalA5 (the oligosaccharide with the
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smallest current blockades among the tested oligosaccha-
rides) compared to a 40 nm pore (Fig. S10). Consequently,
13 nm nanopipettes were therefore selected for all subsequent
experiments. The measurements were conducted in 0.2 M
phosphate buffer (PB) containing 200 pM glycerol at pH 7.4
under a continuously applied potential of +600 mV, unless
otherwise specified. The resulting ionic current rectification
ratio falls within the optimal range of 2.0 £+ 0.4 (Fig. S11 and
S12). Notably, the enzymatically generated oligosaccharides
carried net negative charges.** The oligosaccharides were
primarily driven by electrophoretic force (EPF) toward the
pore, with a weak counteracting electroosmotic flow (EOF)
enabling controlled passage through the pore.’”*® This opti-
mized system provided a high event frequency and high SNR
(Table S3). The selection of these specific buffer conditions
was validated through control experiments. At higher ionic
strengths (1 M PB), a reduced EOF led to rapid movement of
oligosaccharides, decreasing both the event frequency and
current blockade amplitude (Fig. S13). Under lower ionic
strength conditions (0.02 M PB), a stronger EOF hindered
analyte entry into the nanopipette, and no current blockades
were recorded. At pH 7.4, the rectification ratio remained
within an appropriate range (Fig. S14), generating signals with
a high SNR that enable discrimination of single oligosaccha-
ride molecules. In addition, this condition preserved the
structural integrity of the oligosaccharides.

Six galacturonic acid oligosaccharides (GalA1-6) at a final
concentration of 10 fM were analyzed using nanopipettes to
characterize the enzymatic products at the single-molecule
level. All oligosaccharides generated distinct characteristic
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Fig. 1 Schematic workflow for the preparation of enzymatically hydrolyzed oligosaccharides and nanopore reading using a nanopipette.

Commercial homogalacturonan was demethylesterified, enzymatically

hydrolyzed by endo-polygalacturonase, and purified using Superdex

HiLoad and XAmide chromatography. Oligosaccharides with varying polymerization degrees were individually measured using a nanopipette,

revealing distinct current signals based on conductance characteristics.
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current blockades under a positive applied voltage, demon- (Fig. 2g). GalA5, a higher-degree-of-polymerization fragment
strating a high capture rate (Fig. 2a-f). Scatter plots from six from enzymatic hydrolysis, produced the smallest AG, indi-
independent datasets showed well-separated clusters for cating minimal current blockade, while its dwell time
each species, with AG serving as the primary discriminator remained considerable. GalA5 and GalA6 were clearly
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Fig. 2 Identification of galacturonic acid oligosaccharides using nanopipettes. (a—f) Symbol Nomenclature for Glycans (SNFG) representations
of GalAl-6 and their corresponding characteristic current signals. All measurements were performed in 0.2 M PB solution (pH 7.4) containing 200
pM glycerol at +600 mV, with each oligosaccharide (GalA: blue, GalA2: red, GalA3: brown, GalA4: purple, GalA5: green, and GalA6: orange). Each
sample was individually added to the cis chamber with a final concentration of 10 fM. The open pore current (/o) and the mean value of blockage
current (/) were marked in gray dashed lines. AG was calculated as A/ divided by applied voltage. (g) Scatter plot of AG (pS) against the loga-
rithmic form of dwell time (ms) and corresponding histogram (bin size = 0.6 for AG and bin size = 0.06 for dwell time) from six independent
experiments. Sensing events for each type of galacturonic acid oligosaccharide were labeled with different colors.
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discriminated based on their conductance blockades, in
agreement with mass spectrometric identification of the two
species as distinct parent ions (Fig. S9). Even the smallest
commercially obtained sample, GalA, produced well-defined
translocation events, characterized by extremely short dwell
times and sharp current spikes (Fig. 2a).

Among the analyzed oligosaccharides, GalA3 exhibited the
largest conductance blockade (85-110 pS) and a relatively
broader distribution compared with other oligosaccharides. In
comparison, GalA4 produced conductance blockade ampli-
tudes in the range of 78-92 pS, with a distribution slightly
shifted to lower values relative to GalA3. Overall, the oligo-
saccharides generated characteristic ionic current signatures
that enabled their discrimination at the single-molecule level.
Note that the AG of oligosaccharides does not strictly correlate
with molecular size. Interactions with the nanopore may also
contribute to the ionic current blockade, although the specific
mechanism requires further investigation.

We next evaluated the quantitative performance of the
nanopipette by analyzing GalA6 across concentrations from 1
fM to 100 fM (Fig. 3a), a representative molecule commonly
used in functional studies.*® Characteristic current blockades
remained readily detectable even at 1 fM, with characteristic
amplitudes that remained consistent across the concentration
range (Fig. 3b and S15). Event frequency scaled linearly with
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Fig. 3 Concentration-dependent event frequency with stable signal
characteristics from 1 fM to 100 fM. (a) Current traces of GalA6 at
sample concentrations from 1 fM to 100 fM in 0.2 M PB at pH 7.4 under
600 mV. (b) The violin plot of AG and GalA6 concentrations. White
circles represent the same median of AG. (c) The event frequency was
computed based on the number of events per unit time and directly
proportional to sample concentrations from 1 fM to 100 fM.
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analyte concentration (Fig. 3c), consistent with a diffusion-
limited capture process.’”** These results demonstrate that
nanopipettes offer both high sensitivity and high resolution for
structural profiling of oligosaccharides even at M
concentrations.

To improve the accuracy and efficiency of oligosaccharide
identification, a machine learning-based classifier model was
used for autonomously analyzing single-molecule events. A
database was built from six independent measurements of
GalA-GalA6. Outliers beyond the 95% confidence interval were
excluded to minimize data distortion, resulting in a final data-
set of N = 3600. Using AG and dwell time as key features (AG
contributing ~80% of predictive power, Fig. S16), the dataset
was split into 80% for training and 20% for testing, with ten-
fold cross-validation. Among the five evaluated classifiers, all
achieved validation accuracy >0.92 with Random Forest per-
forming best (0.97, Fig. 4a). Model performance stabilized with
more than 535 training samples (Fig. S17 and S18). On the test
set, it achieved 0.98 accuracy, misclassifying only 16/720 events
(Fig. 4b). While some overlap between GalA3 and GalA4 was
observed (Fig. S19), most species were well distinguished,
demonstrating the model's utility for automated analysis of
oligosaccharide samples.

To further assess the resolving power of nanopipettes in
complex samples, mixtures of galacturonic acid oligosac-
charides were analyzed. Oligosaccharides with one mono-
saccharide wunit length difference were sequentially
introduced into the cis chamber of the nanopipette at 10 fM
for each species. The GalA/GalA2 mixture produced two
distinct blockade types (Fig. 4c), with clear separation
(separation ratio = 0.67, defined as the ratio of the peak-to-
peak distance to the sum of their half-peak widths)
confirmed by the scatter plot and Gaussian fitting (Fig. 4g). In
mixtures, GalA2 exhibited prolonged dwell times, suggesting
intermolecular interactions enhance differentiation. Simi-
larly, GalA2/GalA3 and GalA5/GalA6 mixtures showed clear
separation (separation ratios = 1.51 and 1.31; see details in SI
Statistical Analysis), comparable to reported biological
nanopores (0.46-3.11).*> In the GalA2/GalA3 mixture, GalA2
exhibited a slight shift in AG and event duration (Fig. 4h),
while GalA5/GalA6 mixtures revealed a noticeable increase in
dwell time for GalAé6 (Fig. 4i).

When all six oligosaccharides were mixed simultaneously,
every species could be resolved (Fig. 4f). Their blockade profiles
matched those obtained from pure samples (Fig. 4j). The
Gaussian-fitted values of AG from Mono to Hexa were 28.9, 61.0,
99.6, 83.6, 18.3 and 38.2, with separation ratios of 1.43, 1.29,
0.61, 4.94 and 1.41. Using the established model, all types of
events in a six-component mixture were successfully classified
(Fig. S20). These findings demonstrate the capability of nano-
pipettes to discriminate galacturonic acid oligosaccharides at
the single-molecule level, even in complex mixtures. To our
knowledge, this is the first report of a solid-state nanopore
capable of discriminating oligosaccharides differing in length
by a single monosaccharide unit at the fM level.****

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Discrimination of oligosaccharide mixtures and machine learning of galacturonic acid oligosaccharides. (a) Performance assessment of
different classification models. Five widely used models were trained and validated using 10-fold cross-validation. Among them, the Random
Forest model demonstrated the highest accuracy, achieving a validation score of 0.97. (b) Confusion matrix for classification of galacturonic acid
oligosaccharides using the Random Forest model. The true positive rate (TPR) and false negative rate (FNR) are displayed on the right. The overall
classification accuracy reached 0.98, with accuracies of 1 achieved for GalA5 and GalA6. (c—f) Representative current traces for different
oligosaccharide mixtures, with corresponding symbols on the left. Measurements were performed under identical conditions as individual
analyte detections, with equimolar mixtures of GalAl-2, GalA2-3, GalA5-6, and GalAl-6. The final concentration of each oligosaccharide was
maintained at 10 fM. Signal events were identified and marked with colored diamonds corresponding to each oligosaccharide. (g—j) Scatter plots
and associated histogram curves of blockage events (bin size = 0.6) collected across mixture experiments. Numerical labels indicated the degree
of polymerization of the galacturonic acid oligosaccharides corresponding to the fitted peaks.
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Conclusions

In this study, we report the nanopipette capable of discrimi-
nating enzymatically derived oligosaccharides with single-
monosaccharide length sensitivity at femtomolar concentra-
tions. By integrating conductance blockade analysis with dwell
time characterization, we were able to differentiate six enzy-
matically derived galacturonic acid oligosaccharides at the
single-molecule level, both individually and in mixtures, with
an accuracy of 0.98.

This study offers a potential nanopipette-based method for
glycomics analysis, applicable to carbohydrate analysis in food
science and biomedical diagnostics.*>*® While the current work
focuses on enzymatically derived oligosaccharides, the strategy
can be extended to oligosaccharide products derived from
alternative hydrolytic methods. Notably, our method achieves
single-monosaccharide resolution for length discrimination.
Crucially, it enables ultrasensitive detection at the femtomolar
level. These two capabilities are hardly realized simultaneously
in existing nanopore-based approaches (Table S4). Our study
opens the possibility for detecting hydrolyzed oligosaccharides
at physiologically relevant concentrations. Such capability could
facilitate the analysis of oligosaccharides involved in gut
microbiota metabolism such as real-time fermentation, thereby
advancing the understanding of host-microbe interactions and
prebiotic functionality. It could also enable sensitive analysis of
plant-derived oligosaccharides, offering insights into their
kinetic behavior during the enzymatic hydrolysis of cell wall
polysaccharides, as well as their mechanisms of action as
signaling molecules in regulating cellular chemical homeo-
stasis to withstand external environmental perturbations. With
further improvements in nanopore sensitivity (e.g., via interfa-
cial modification or the fabrication of smaller pore sizes),
nanopipettes may ultimately enable low-concentration glycan
sequencing.
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