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ABSTRACT: Polysaccharides in nature possess profound biological
significance, and their structural complexity renders them of great
research value. However, the structural heterogeneity of complex
polysaccharides has long posed a great challenge for analysis. Here, a
nanopore profiling strategy was developed for polysaccharide
characterization. Experimentally, polysaccharides are hydrolyzed
into informative fragments, and the distribution of their resulting
nanopore events forms a unique profile that serves as a reliable
molecular signature. Seven distinct polysaccharides, including
xanthan gum, gum arabic, agarose, sodium alginate, gellan gum,
heparin, and chondroitin sulfate A, were successfully identified and
discriminated. A profile-based machine learning classifier was also
developed, which utilizes the overall distribution profile of fragment
events as training input, yielding 100% validation accuracy. Further application of the fully constrained least-squares (FCLS)
algorithm enabled accurate quantification of polysaccharide mixture composition, allowing for unambiguous analysis of
mixtures of polysaccharides in the same assay. Collectively, this work establishes a universal, label-free, and high-resolution
framework for decoding the structural complexity of polysaccharides.
KEYWORDS: nanopore, polysaccharides, nanopore glycan profiling, nanopore glycan sequencing, Mycobacterium smegmatis porin A

■ INTRODUCTION
Polysaccharides represent a class of long-chain polymers
composed of multiple distinct monosaccharide residues, which
are ubiquitously distributed in nature.1 Owing to their unique
physicochemical characteristics, including favorable rheological
behavior, thermal stability, and gel-forming properties, alongside
diverse bioactive functionalities, these polysaccharides have
garnered considerable research attention in fields such as
biomedicine,2,3 materials science,4,5 and food technology.6,7

However, the structural characterization and purity evaluation of
polysaccharides continue to present substantial analytical
challenges, thereby impeding progress in both fundamental
scientific investigations and industrial quality control processes.8

These difficulties primarily stem from their inherently complex
structural features: diverse monosaccharide compositions,
intricate linkage patterns, varied functional group substitutions,
extensive variations in molecular architectures (from linear to
highly branched),9,10 and distinct charge properties.11,12

Furthermore, polysaccharides derived from plants, animals,
and microorganisms typically exhibit high molecular weights,
often exceeding several million daltons.12 The combined effects
of such structural heterogeneity, ultrahigh molecular weight, and

broad polydispersity collectively render the comprehensive
analysis of polysaccharides significantly challenging.13

At present, mass spectrometry (MS) is the primary technique
for polysaccharide analysis, yet its application still faces
fundamental constraints. Native polysaccharide typically require
depolymerization into mono- or oligosaccharides prior to MS
characterization,14−16 due to their inherent polydispersity and
high molecular weight.17 The pervasive isomeric heterogeneity
of these subunits further complicated MS analysis.18,19 While
advanced MS strategies have been developed,20−23 they often
come with elevated analytical costs, increased operational
complexity, and more intricate data interpretation.24−26

Although nuclear magnetic resonance (NMR) spectroscopy
could provide atomic-level structural elucidation,27−29 its
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widespread adoption is constrained by stringent sample
demands, spectral overlap that impedes clear interpretation,
and considerable instrument expenses.27 Therefore, a universal,
low-cost, and simple analytical technique remains a critical
requirement for polysaccharide characterization.
Nanopores have emerged as promising single-molecule

sensing platforms, with established applications in nucleic acid
sequencing,30,31 protein identification,32−34 and small molecule
sensing.35,36 However, their extension to polysaccharide analysis
remains challenging due to the extraordinary structural
complexity of these polymers. Although solid-state nanopores
have been used to detect polysaccharides such as hyalur-
onan,37,38 heparin,39 xylan,40 and starch,41 the detection scope is
generally limited to negatively charged, soluble glycosamino-
glycans, and the spatial and temporal resolution is insufficient for

accurate polysaccharide identification. In contrast, biological
nanopores have atomic-scale precision and hold the potential to
resolve finer structural features. For example, engineered α-
hemolysin (α-HL) can recognize glycans containing specific
functional groups,42 yet its applicability remains narrow.
Aerolysin (AeL) has demonstrated the ability to detect oligo-
and polysaccharides,43,44 but it suffers from limited detection
scope and insufficient resolution to detect small saccharide
analytes. Together, these limitations highlight the need for
nanopore systems that combine broad detection capability with
high resolution for comprehensive polysaccharide analysis.
Unlike proteins and nucleic acids which have well-defined

linear sequences, polysaccharides are generally assembled from
recurring structural motifs that form ordered yet redundant
sequence patterns. This inherent structural feature implies that

Figure 1. Nanopore profiling of polysaccharides. (a) Representative monosaccharide components of polysaccharides, including neutral, amino,
and acidic sugars. (b) Schematic representation of polysaccharides investigated in this work. Each polysaccharide is composed of various
monosaccharides linked through diverse glycosidic bonds and often modified by functional groups. (c) Workflow for nanopore polysaccharide
profiling. The process begins with acidic hydrolysis of the polysaccharide. Then, the fragment mixture is measured by nanopore, yielding a
substantial quantity of nanopore events. Computational feature extraction of these events leads to the final polysaccharide profile. (d)
Schematic diagram of xanthan gum (XG) hydrolysis. (e) The kernel density plot of ΔI/I0 versus SD of events acquired with XG hydrolysate.
Three independent measurements were performed to generate the plot (Supplementary Figure 3). Contour lines are plotted at 20% (solid line)
and 10% (dashed line) of the maximum density value. (f) Representative nanopore events of XG hydrolysates. The measurements were
performed with MspA-90PBA in a 1.5 M KCl buffer (1.5 M KCl, 100 mM MOPS, pH 7.0). Xanthan gum was hydrolyzed with 6 M HCl at 95 °C
for 4 h (Methods). Twenty μL hydrolysis product was added to the cis chamber to initiate the measurement. A voltage of +160 mV was
continually applied.
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full-length de novo sequencing of polysaccharides is often
unnecessary. For example, in fields such as food authentication,
pharmaceutical quality control and functional polysaccharide
screening, the primary demand is not the acquisition of
complete sequence information, but rather rapid and reliable
identification of polysaccharides based on their structural
signatures. Therefore, we propose a hydrolysis-based poly-
saccharide profiling strategy with a functionalized nanopore
platform. Briefly, polysaccharides were hydrolyzed under harsh
acidic conditions at elevated temperature, yielding low-

molecular-weight saccharide fragments. These fragments can
readily enter the nanopore and interact with the chemical
adapter located at the pore constriction, generating highly
characteristic and reproducible structural profiles that enable
robust polysaccharide identification (Figure 1a−c).

■ RESULTS AND DISCUSSION

Nanopore Profiling of Xanthan Gum
To validate the feasibility of nanopore polysaccharide profiling
via fragmentation, xanthan gum (XG) was first selected as the

Figure 2. Nanopore identification of structurally diverse polysaccharides. (a, c, e, g, i, k) Schematic diagrams of gum arabic (a), agarose (c),
sodium alginate (e), gellan gum (g), heparin (i), and chondroitin sulfate A (k) hydrolysis. The symbol legends for building blocks are placed in
the bottom box. (b, d, f, h, j, l) The kernel density plots of events acquired with hydrolysate of gum arabic (b), agarose (d), sodium alginate (f),
gellan gum (h), heparin (j), and chondroitin sulfate A (l). Each plot was generated by combining data from three independent measurements
(Supplementary Figures 7−12). Contour lines are plotted at 20% (solid line) and 10% (dashed line) of the maximum density value for each
panel. Representative events of each polysaccharide profile were demonstrated in Supplementary Figures 13−18. The measurements were
performed with MspA-90PBA in a 1.5 M KCl buffer (1.5 M KCl, 100 mM MOPS, pH 7.0). Each polysaccharide was separately treated with 6 M
HCl at 95 °C for 4 h (Methods). Twenty μL hydrolysis product was added to the cis chamber for each sample. A voltage of +160 mV was
continually applied. Each polysaccharide reports a unique profile in the corresponding kernel density plot results.
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model analyte. XG consists of a β-1,4-linked D-glucose backbone
with a characteristic side chain attached via an α-1,3 linkage. The
side chain contains a D-glucuronic acid flanked by two D-
mannose residues and is further decorated with acetyl and
pyruvate groups.45 To fragment XG (Figure 1d), it was treated
with 6 M HCl at 95 °C for 4 h. This hydrolysis condition
degrades the polysaccharides into saccharide fragments suitable
for nanopore analysis, thereby yielding highly characteristic and
reproducible profiles. The solution was then neutralized, and the
resulting hydrolysate was subjected to ultrafiltration using a 3
kDa molecular weight cutoff membrane. The filtrate was
collected for further analysis (Methods).
Nanopore measurements were performed in a buffer

containing 1.5 M KCl and 100 mM 3-morpholinopropanesul-
fonic acid (MOPS) at pH 7.0, and a voltage of +160 mV was
continually applied (Methods). By convention, the electrically
grounded measurement chamber is denoted as cis, while the
opposite chamber is referred to as trans. A hetero-octameric
Mycobacterium smegmatis porin A (MspA) equipped with a
single phenylboronic acid (PBA) adapter at its pore constriction
was used for detection of saccharide fragments. PBA is a well-
recognized receptor that can form reversible boronic ester bonds
with saccharides (Supplementary Figure 1). This PBA modified
MspA nanopore (also referred to as MspA-90PBA) has
previously demonstrated precise identification of monosacchar-
ides,46 glycosidic linkages,47 and oligosaccharides.48,49 Upon
addition of XG hydrolysate in the cis chamber, a substantial
number of distinct nanopore events were immediately observed
(Supplementary Figure 2). To characterize these events
quantitatively, core event parameters were extracted from the
events, including the open pore current (I0), blockage current
(Ib), blockage ratio (ΔI/I0 = (I0 − Ib)/I0), standard deviation
(SD), and dwell time (tof f) (Supplementary Figure 2). A two-
dimensional (2D) kernel density plot based on ΔI/I0 and SD,
revealed a unique profile specific to XG (Figure 1e), with strong
consistency across three independent measurements (Supple-
mentary Figure 3 and Supplementary Table 1). For in-depth
analysis, characteristic regions were identified as distinct, well-
defined event clusters with central density greater than 10% of
the maximum density (Figure 1e and Supplementary Figure 4).
Representative events extracted from these regions serve as the
primary structural signatures for XG identification (Figure 1f).
These characteristic distributions and representative events
collectively establish a critical foundation for the structural
profiling of polysaccharides.
Notably, even at an extremely low voltage of +5mV, nanopore

events remained clearly detectable (Supplementary Figure 5),
indicating that saccharide fragments can rapidly and sponta-
neously reach the PBA adapter at the pore constriction via
diffusion to trigger event generation. Similarly, this diffusion-
dominated mechanism enables nanopore measurements to be
performed at both positive and negative voltages, and well-
defined binding events can be clearly resolved under either
polarity (Supplementary Figure 6).
Discrimination of Structurally Diverse Polysaccharides

This profiling strategy was further extended to a diverse panel of
polysaccharides, spanning branched and linear structures as well
as neutral and negatively charged polymers, including gum
arabic, agarose, sodium alginate, gellan gum, heparin, and
chondroitin sulfate A. Gum arabic (GA) is a branched
polysaccharide primarily composed of D-galactose units linked
via β-1,3-glycosidic bonds, with side chains containing D-

galactose, D-glucuronic acid, L-arabinose, and L-rhamnose
(Figure 2a).50,51 Agarose (A) is a linear polysaccharide
consisting of alternating D-galactose and 3,6-anhydro-L-
galactose units, linked through β-1,4- and α-1,3-glycosidic
bonds (Figure 2c).52 Sodium alginate (SA),53 also linear, is
composed of L-guluronic acid and D-mannuronic acid linked by
1,4-glycosidic bonds (Figure 2e). Gellan gum (GG) is a linear
polysaccharide formed by repeating tetrasaccharide units with a
molar ratio of D-glucose, D-glucuronic acid, and L-rhamnose of
2:1:1 (Figure 2g).54 Some D-glucose residues in the polymer are
modified with acetyl and glyceryl groups. Heparin (H) and
chondroitin sulfate A (CS) share a highly similar linear
glycosaminoglycan (GAG) backbone composed of repeating
disaccharide units containing amino sugars and uronic acids
(Figure 2i and k).55,56 Specifically, heparin is built from D-
glucosamine (179.17 Da), L-iduronic and D-glucuronic acids
(194.14 Da), whereas CS is composed of D-galactosamine
(179.17 Da) and D-glucuronic acid (194.14 Da), posing a great
challenge for discriminating these subtle variations.
Experimentally, all polysaccharides were first hydrolyzed

under the same condition as xanthan gum was treated
(Methods). Subsequently, each hydrolysate was introduced to
the cis chamber for separate nanopore measurements. Each
polysaccharide yields a distinct profile pattern (Figure 2b, d, f, h,
j, l), enabling direct identification in a database-independent
manner that requires no prior knowledge of the nanopore
signatures of hydrolyzed fragments. Each polysaccharide sample
was tested in three independent replicates (Supplementary
Figures 7−12), and the resulting profiles showed good
consistency based on cosine similarity analysis (Methods and
Supplementary Table 1). Characteristic regions of these profiles
were extracted and assigned with distinct event labels
(Supplementary Figures 13−18). Notably, in the case of the
structurally similar pair heparin and chondroitin sulfate A, which
share isomeric monosaccharide constituents, characteristic
events H8, H10, and H11 in H and CS1, CS6, and CS7 in CS
served as key discriminators between the two polysaccharides
(Supplementary Figures 17−18). Nanopore detection of
polysaccharide hydrolysates prepared with different hydrolysis
times was also performed, and markedly distinct profiles were
obtained (Supplementary Figure 19). These results substantiate
that the MspA-90PBA nanopore possesses both superior
resolution and extensive utility for the structural elucidation of
varied polysaccharide compositions.
Nanopore sensing of untreated polysaccharides was also

performed, and no well-defined event clusters were observed
(Supplementary Figure 20). This highlights the importance of
the hydrolysis operation, which converts high-molecular-weight
polysaccharides into smaller, information-rich saccharide frag-
ments. The nanopore events of these fragments collectively form
a characteristic fingerprint profile, enabling precise resolution of
the structural heterogeneity of polysaccharides.
Deciphering the Polysaccharide Hydrolysis Profiles

Beyond generating unique fingerprints for each polysaccharide,
the nanopore profiles also revealed characteristic events that
could be directly linked to specific saccharide constituents. To
systematically establish this correspondence, a reference
collection of nanopore events was assembled from standard
monosaccharide measurements. This collection includes L-
arabinose (Supplementary Figure 21), D-galactosamine (Sup-
plementary Figure 22), D-glucosamine (Supplementary Figure
23), D-glucuronic acid (Supplementary Figure 24), N-acetyl-D-
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glucosamine (Supplementary Figure 25), and a range of
previously characterized monosaccharides (D-glucose, D-man-
nose, D-galactose, N-acetyl-D-galactosamine, D-fructose, L-
sorbose, L-rhamnose, D-xylose and D-ribose).46 Together, these
data cover neutral, acidic, and amino sugars, provide a unified
basis for assigning structural origins to features observed in
complex polysaccharide hydrolysates.
Through systematic feature matching, specific event clusters

in the polysaccharide profiles could be assigned to correspond-
ing monosaccharide constituents (Supplementary Table 2). In
the xanthan gum profile, events XG4 and XG6 matched the
signatures of D-mannose; XG5 and XG7 corresponded to D-
glucose; and XG1 aligned with D-glucuronic acid. Likewise,
multiple saccharides were identified across other polysaccharide
profiles. D-Galactose was detected in gum arabic and agarose; D-
glucuronic acid was found in gum arabic, gellan gum, and
chondroitin sulfate A; L-arabinose was identified in gum arabic;

D-glucose and L-rhamnose were observed in gellan gum; D-
glucosamine and D-galactosamine were identified in heparin and
chondroitin sulfate A, respectively. These results also confirm
that the adopted hydrolysis conditions were appropriate and
effectively preserved the structural integrity of the saccharide
fragments.
Machine Learning-Assisted Identification of Seven
Polysaccharides

To enable automated polysaccharide identification, a profile-
based machine learning algorithm was developed (Methods).
Rather than classifying each individual event of polysaccharide
fragments, this approach captures the collective spatial
distribution of event ensembles as stable and informative
signatures, and the identity of polysaccharide can be encoded in
the reproducible statistical pattern of its molecular population.

Figure 3. Profile-based machine learning classification of seven polysaccharides. (a) Data preprocessing. Scatter plots of events from each
polysaccharide hydrolysate were converted into a 20 × 20 density-based heatmap. Each heatmap was then flattened into a one-dimensional
feature vector by arranging the 400 grid-cell densities in sequence, yielding a unique “barcode” for each polysaccharide. (b) The workflow of
machine learning. 100 heatmaps for each type of polysaccharide were collected to form a data set. Each heat map was constructed based on
different event counts in the grids. The density value (a1%−a400%) in each grid (n1−n400) served as a training feature, together building a 400-
dimensional feature matrix. The model was trained and evaluated using the Classification Learner app (MATLAB), with the neural network
achieving 100% cross-validation accuracy. (c) Confusion matrix generated by the neural network. TRP and FNR respectively represent the
correct or false classification of each true class. (d) Model performance evaluation using the testing set, according to which, all samples were
correctly assigned.
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Specifically, for each polysaccharide, 100 random segments of
consecutive events were collected, with each segment containing
varying event numbers. Each segment was projected onto a fixed
2D coordinate space defined by ΔI/I0 and SD (Figure 3a), and
then converted into a 20 × 20 density-based heatmap

(Supplementary Figures 26−27). For demonstration, the 2D-
heatmap was flattened into a one-dimensional feature vector by
sequentially arranging the 400 grid-cell densities (Figure 3a),
which serves as a unique “barcode” for each polysaccharide. The
pattern of high- and low-density regions within this barcode

Figure 4. Quantitative analysis of polysaccharide mixtures. (a) Workflow for quantitative analysis of polysaccharide mixtures. Briefly,
polysaccharide mixtures were first hydrolyzed, and the resulting fragments were analyzed by nanopore to obtain the profile. The profile was
subsequently deconvoluted to resolve the characteristic profile of each individual polysaccharide, enabling quantification of their relative
proportions. (b) Workflow for the deconvolution of the mixture profile. The heatmap acquired from polysaccharide mixture fragments was
decomposed into a linear combination of reference heatmaps of individual polysaccharides via the fully constrained least-squares algorithm
(Methods). The derived contribution coefficients directly indicate the identities and relative proportions of the polysaccharides in the mixture.
(c) Representative heatmaps acquired from heparin (H)/chondroitin sulfate A (CS) mixtures at varying ratios. (d) Predicted versus theoretical
content for heparin. (e) Predicted versus theoretical content for chondroitin sulfate A. In both plots, the slopes approximate 1, confirming the
accuracy of quantitation.
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constitutes a stable, specific molecular fingerprint. Besides, these
barcode profiles exhibit robustness to variations in the number
of events used for its construction (Supplementary Figure 28)
and high reproducibility across independent experimental
replicates (Supplementary Figure 29).
For machine learning, data from seven polysaccharides were

consolidated into a 700 × 400 feature matrix (Figure 3b), where
each polysaccharide was represented by 100 heatmaps, and each
heatmap was characterized by 400 features (the density value
within each grid of the heatmap). This matrix was randomly
partitioned into a training set (80%) and a testing set (20%) for
model construction and evaluation, respectively. Machine
learning was implemented using the Classification Learner app
in MATLAB. Six inbuilt classifiers, including ensemble, support
vector machine (SVM), decision trees, naiv̈e bayes, neural
network, and k-nearest neighbor (KNN), were trained. Model
performance was accessed via 10-fold cross-validation (Supple-
mentary Table 3). All classifiers achieved an accuracy exceeding
99%, with the neural network model attaining 100% validation
accuracy (Figure 3c). Learning curve analysis revealed that 40
training samples were sufficient to reach 95% validation accuracy
(Supplementary Figure 30). The trained model was further
applied to the held-out testing data (Figure 3d). Each
hydrolysate profile was accurately assigned to its corresponding
source polysaccharide, confirming the practical utility of this
method.
Quantitative Analysis of Polysaccharide Mixtures

The nanopore-based profiling strategy was further applied to
quantitative analysis of polysaccharide mixtures. Polysaccharide
mixtures were first subjected to hydrolysis, and the resulting
fragments were then analyzed by nanopore, generating a
composite profile. This profile was then deconvoluted into the
characteristic fragment profiles of each polysaccharide, thereby
enabling the quantitative determination of the original
components in the mixture (Figure 4a−b). For demonstration,
heparin (H) and chondroitin sulfate A (CS) were chosen as
representative polysaccharides. Both are widely used glyco-
saminoglycan therapeutics, and their structural resemblance has
historically resulted in serious contamination problems,57

emphasizing the critical need for reliable analytical techniques
for quality control of polysaccharide pharmaceuticals.
Experimentally, H/CS mixtures with varying ratios were

prepared and hydrolyzed under identical conditions used for
individual polysaccharides (Methods). The resulting hydro-
lysates were then analyzed by MspA-90PBA, yielding distinct
event distributions (Figure 4c and Supplementary Figures 31−
33). To deconvolute the mixture profile, each mixture heatmap
wasmodeled as a linear combination of reference heatmaps from
individual polysaccharide (Figure 4b). The fully constrained
least-squares (FCLS) algorithmwas used to estimate the relative
abundance of each component by minimizing the least-squares
error between the reconstructed and measured mixture profiles
subject to non-negativity and sum-to-one constraints (Meth-
ods).58 The resulting coefficients directly represent the
estimated composition. Quantitative analysis of heparin and
chondroitin sulfate mixtures using this approach yielded
estimates that closely matched the theoretical values (Figure
4d−e and Supplementary Table 4), validating the accuracy of
this strategy for determining compositional ratios in mixtures of
structurally similar polysaccharides.

■ CONCLUSION
In summary, this work establishes a universal polysaccharide
identification strategy built on the intrinsic statistical distribu-
tion profiles of hydrolytic fragment events, featuring broad
applicability, enhanced resolving power, and unique poly-
saccharide-specific signal fingerprints. Experimentally, high-
molecular-weight polysaccharides, which yield limited structural
information when analyzed in their intact form, were hydrolyzed
into smaller and information-richer fragments. The collective
nanopore events of these fragments form a unique and
reproducible molecular fingerprint, enabling unambiguous
identification of different types of polysaccharides. Comparison
with monosaccharide standards enables assignment of specific
events within the profile, further enhancing the identification.
To enable automated and unbiased classification, a machine
learning algorithm was developed. Rather than identifying each
individual events, the model learns from the overall distribution
of each polysaccharide’s hydrolysate profile, achieving 100%
validation accuracy across seven common polysaccharides,
including xanthan gum, gum arabic, agarose, sodium alginate,
gellan gum, heparin, and chondroitin sulfate A. Furthermore,
this approach was extended to the quantitative analysis of
polysaccharide mixtures. By deconvoluting the mixture profile
into the standard reference contributions, accurate quantifica-
tion of heparin/chondroitin sulfate A mixtures was demon-
strated, providing a new pathway for quality control of
polysaccharide pharmaceuticals.
Acknowledging the chemical specificity conferred by the PBA

adapter, the system exhibits strong anti-interference capability
and is not affected by common biomolecules such as amino
acids, peptides, and nucleic acids (Supplementary Figure 34).
Formolecules that can potentially interact with the PBA adapter,
supervised machine learning algorithms such as One-Class SVM
could be employed to effectively filter out interfering events,
further enhancing the anti-interference performance of this
platform. Although this study only employed acidic hydrolysis,
future investigations may explore milder and more universal
hydrolysis strategies, such as enzymatic digestion with single or
combined glycosidases, or enzyme−acid coupled hydrolysis. In
addition, controlled hydrolysis conditions (e.g., varying time,
temperature, or acid/enzyme concentration) could be system-
atically optimized to ensure efficient hydrolysis while preserving
richer structural information. Furthermore, more event
parameters could be incorporated to construct multidimen-
sional feature profiles, thereby providing higher precision and
robustness when dealing with more complex sensing scenarios.
Future engineering efforts such as optimization of experimental
parameters, rational pore engineering, and the implementation
of parallelized nanopore arrays may further improve the
sensitivity. Besides, expanding the coverage of reference
polysaccharide profiles and integrating orthogonal techniques
may further broaden the applicability of this method. As profile
libraries grow and artificial intelligence-driven event interpreta-
tion advances, these profiles may evolve into rich data sets for
inferring oligosaccharide sequences and domain structures,
opening new avenues to investigate the structure−function
relationships of polysaccharides.

■ METHODS

Nanopore Preparation
(N90C)1(M2)7 is a hetero-octameric MspA protein, composed of one
N90C MspA-H6 monomer and seven M2MspA-D16H6 mono-
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mers.59,60 Both genes were custom synthesized and simultaneously
inserted in a pETDuet-1 plasmid for coexpression. The recombinant
plasmid was expressed with E. coli strain BL21(DE3) pLysS competent
cells, and the expression products were purified via nickel affinity
chromatography. Different hetero-octameric assemblies were further
separated by polyacrylamide gel electrophoresis, and the band
corresponding to (N90C)1(M2)7 was excised and recovered. The
collected (N90C)1(M2)7 was either used immediately or stored at −80
°C for long-term storages.

To introduce a phenylboronic acid (PBA) adapter to
(N90C)1(M2)7, 1 μL 500 mM MPBA, 2.5 μL (N90C)1(M2)7 and
21.5 μL KCl buffer were mixed and incubated at room temperature for
10 min46. The resulting product, referred to as MspA-90PBA, was
directly used in downstream nanopore measurements.
Nanopore Measurements
To minimize environmental noise interference, all nanopore measure-
ments were carried out in a homemade Faraday cage fixed on an optical
table (Jiangxi Liansheng Technology). The measurement device
consists of two chambers separated by a Teflon film containing a
centrally drilled aperture (∼100 μm in diameter). Conventionally, the
electrically grounded chamber is defined as cis while the opposing
chamber is defined as trans. The aperture was pretreated with 0.5% (v/
v) hexadecane in pentane prior to each use. Then, each chamber was
filled with 0.5 mL KCl buffer (1.5 M KCl, 100 mM CHES, pH 7.0). A
pair of Ag/AgCl electrodes were placed in both chambers and in
contact with the buffer to form a closed circuit. A drop of DPhPC (5
mg/mL in pentane) was then added to each chamber to form a lipid
bilayer on the aperture. Subsequently, the prepared nanopores were
added to the cis chamber to initiate pore insertions. Upon a single
nanopore insertion, the cis chamber was immediately exchanged with
fresh KCl buffer to prevent further pore insertions.

All electrophysiological measurements were performed with an
Axopatch 200B patch-clamp amplifier paired with a Digidata 1550B
digitizer, sampling at 25 kHz with 1 kHz low-pass filtering. This
configuration efficiently suppresses high-frequency noise while
faithfully capturing valid nanopore events without signal distortion.
Unless otherwise stated, all measurements were performed in a KCl
buffer (1.5 M KCl, 100 mM MOPS, pH 7.0) and a continually applied
voltage of +160mV at room temperature. All analytes were added to the
cis chamber to the desired final concentration.
Data Analysis
All nanopore events were detected by the “Single-Channel Search”
function in Clampfit 10.7 (Molecular Devices). Events with a dwell
time <10 ms were ignored. Event features including ΔI/I0, SD, and tof f
were extracted from all events using a custom MATLAB code. All
subsequent data processing was performed with Origin 2025.

To evaluate the reproducibility of the kernel density profiles, cosine
similarity analysis was performed on the triplicate measurements for
each polysaccharide (Supplementary Figures 3, 7−12). Cosine
similarity is a standard metric for quantifying the similarity between
high-dimensional vectors and is widely used in chemometric fingerprint
analysis.61,62 For each polysaccharide, each of the three density matrices
was flattened into a vector, and pairwise cosine similarities were
calculated between replicates. The average of the three pairwise values
was taken as the quantitative measure of profile reproducibility. The
results were summarized in Supplementary Table 1.

To generate a standardized data set for machine learning
classification, nanopore events from seven polysaccharide hydrolysates
were collected. For each polysaccharide hydrolysate, 100 random
subsets, each comprising 100 to 800 consecutive events�were
extracted from the continuous recordings. Each subset was converted
into a two-dimensional heatmap in the coordinate space defined by ΔI/
I0 (range: 0−0.5) versus SD (range: 0−50 pA). This space was
discretized into a uniform 20 × 20 grid, yielding 400 cells. The feature
value for each cell was defined as the relative event density within that
cell, calculated as the percentage of events in the cell relative to the total
number of events of that subset. Thus, each heatmap corresponds to a
400-dimensional feature vector, labeled by its source polysaccharide.
The final compiled data set comprises 700 heatmaps (7 polysaccharide

× 100 heatmaps per analyte), forming a feature matrix of 700 rows ×
400 columns. The feature matrix was then randomly split into a training
set (80%) and a testing set (20%), respectively used for model training
and model testing. Machine learning was conducted in the
Classification Learner app of MATLAB. Multiple built-in classifiers,
encompassing Decision trees, Support Vector Machine (SVM), Neural
Network, K-Nearest Neighbor (KNN), Naiv̈e Bayes, and Ensemble,
were evaluated. To prevent overfitting, 10-fold cross-validation was
applied, from which validation accuracy and test accuracy were
determined. The model exhibiting the superior cross-validation
accuracy was chosen for subsequent data prediction tasks.

A computational deconvolution strategy based on the fully
constrained least-squares (FCLS) algorithm was employed to resolve
the compositional profiles of mixtures.58 Pre-established two-dimen-
sional heatmaps for the seven individual polysaccharides (Supple-
mentary Figure 27) served as reference distributions. Prior to
deconvolution, each reference map was scaled by a correction factor
derived from the relative event frequency of each polysaccharide profile,
normalized to that of chondroitin sulfate A. For unmixing, the mixture
data was projected into the same two-dimensional descriptor space, and
the empirical probability distribution ( fmix), was computed analo-
gously. This distribution was modeled as a linear combination of the
seven preprocessed reference distributions, which together form a
matrix F. The proportional contribution of each reference to the
mixture is described by a weight vector w = [w1, w2, ..., w7], obtained by
solving a constrained linear least-squares problem that minimizes the
sum of squared residuals between fmix and the reconstructed Fw, subject
to non-negativity and sum-to-one constraints (i.e., wi ≥ 0 and w 1i =
). The optimization was performed in MATLAB using the lsqlin
function. The resultant optimal weight vector,wopt, directly provides the
estimated fractional composition of the unknown mixture.
Acid Hydrolysis of Polysaccharides
To achieve efficient fragmentation of polysaccharides, acid hydrolysis
was performed. 50 mg sodium chondroitin sulfate A, sodium heparin,
xanthan gum, gellan gum, sodium alginate, gum arabic, agarose or their
mixture was separately dissolved in 1 mL of 6 M HCl, and incubated at
95 °C for 4 h. Following hydrolysis, the pH of the solution was
neutralized to 7.0 using KOH. The samples were then completely
lyophilized, redissolved in 1 mL of ultrapure water, and subjected to
ultrafiltration using a 3 kDa molecular weight cutoff membrane at 9000
rpm for 0.5 h. The obtained filtrate was collected and either used
immediately or stored at 4 °C for subsequent analysis. To initiate
nanopore measurements, 20 μL of the filtrate was added to the cis
chamber, corresponding to a theoretical final concentration of
approximately 2 mg/mL.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.6c07846.

Details of Figures and Tables; Materials; statistics of event
core parameters; and continuous current traces during
single-channel recordings (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

KefanWang− State Key Laboratory of Analytical Chemistry for
Life Sciences, School of Chemistry, Department of Laboratory
Medicine, Nanjing Drum Tower Hospital, Chemistry and
Biomedicine Innovation Center (ChemBIC), Nanjing
University, Nanjing 210023, China; Email: kfwang@
nju.edu.cn

Shuo Huang − State Key Laboratory of Analytical Chemistry
for Life Sciences, School of Chemistry, Department of
Laboratory Medicine, Nanjing Drum Tower Hospital,

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.6c07846
ACS Nano XXXX, XXX, XXX−XXX

H

D
ow

nloaded from
 pubs.​acs.​org/​ancac3/​article-pdf/​doi/​10.​1021/​acsnano.​6c07846/​68896148/​acsnano.​6c07846.​pdf by N

AN
JIN

G
 U

N
IV user on 19 O

ctober 2026

https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c07846/suppl_file/nn6c07846_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c07846/suppl_file/nn6c07846_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c07846/suppl_file/nn6c07846_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c07846/suppl_file/nn6c07846_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c07846?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c07846/suppl_file/nn6c07846_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kefan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:kfwang@nju.edu.cn
mailto:kfwang@nju.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuo+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.6c07846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Chemistry and Biomedicine Innovation Center (ChemBIC),
Nanjing University, Nanjing 210023, China; orcid.org/
0000-0001-6133-7027; Email: shuo.huang@nju.edu.cn

Authors

Wenzheng Li − State Key Laboratory of Analytical Chemistry
for Life Sciences, School of Chemistry, Department of
Laboratory Medicine, Nanjing Drum Tower Hospital,
Chemistry and Biomedicine Innovation Center (ChemBIC),
Nanjing University, Nanjing 210023, China

Yunqi Xiao − State Key Laboratory of Analytical Chemistry for
Life Sciences, School of Chemistry, Department of Laboratory
Medicine, Nanjing Drum Tower Hospital, Chemistry and
Biomedicine Innovation Center (ChemBIC), Nanjing
University, Nanjing 210023, China; orcid.org/0000-
0003-1473-9036

Xinmeng Gao − State Key Laboratory of Analytical Chemistry
for Life Sciences, School of Chemistry, Department of
Laboratory Medicine, Nanjing Drum Tower Hospital,
Chemistry and Biomedicine Innovation Center (ChemBIC),
Nanjing University, Nanjing 210023, China

Panke Zhang − State Key Laboratory of Analytical Chemistry
for Life Sciences, School of Chemistry, Department of
Laboratory Medicine, Nanjing Drum Tower Hospital,
Chemistry and Biomedicine Innovation Center (ChemBIC),
Nanjing University, Nanjing 210023, China; orcid.org/
0000-0001-8562-9972

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.6c07846

Author Contributions
#W.L. and Y.X. contributed equally. S.H., K.W., and W.L
conceived the project. W.L prepared the MspA nanopores. W.L
and X.G performed the measurements. W.L and Y.X. designed
the machine-learning algorithms. P.Z. set up the instruments.
S.H., K.W., and W.L wrote the paper. S.H. supervised the
project.
Funding

This project was funded by the National Key R&D Program of
China (2022YFA1304602, 2023YFF1205900), the National
Natural Science Foundation of China (22225405, 22534004),
the State Key Laboratory of Analytical Chemistry for Life
Science (5431ZZXM2509), the Yachen Foundation of Nanjing
University, the National Natural Science Foundation of China
(223B2402, to K.F.W.), the China National Postdoctoral
Program for Innovative Talents (BX20250087, to K.F.W.), the
Jiangsu Funding Program for Excellent Postdoctoral Talent
(2025ZB212, to K.F.W.), and the China Postdoctoral Science
Foundation (2025M780957, to K.F.W.).
Notes

The authors declare the following competing financial
interest(s): S.H. and K.F.W. have filed patents describing the
preparation of heterogeneous MspA and its applications. The
remaining authors declare no competing interests.

■ ABBREVIATIONS
FCLS, fully constrained least-squares; MS, mass spectrometry;
NMR, nuclear magnetic resonance; α-HL, α-hemolysin; AeL,
aerolysin; XG, xanthan gum; MOPS, 3-morpholinopropanesul-
fonic acid; MspA, Mycobacterium smegmatis porin A; PBA,
phenylboronic acid; GA, gum arabic; A, agarose; SA, sodium

alginate; GG, gellan gum; H, heparin; CS, chondroitin sulfate A;
GAG, glycosaminoglycan

■ REFERENCES
(1) Ivashchenko, O. Layered Complexity, Reorganisational Ability
and Self-Healing Mechanisms of Heteropolysaccharide Solutions. Sci.
Rep. 2024, 14 (1), 13957.
(2) Liu, Y.; Chao, T.; Li, Y.; Peng, P.; Ge, G.; Geng, D.; Dong, L.;
Wang, C. An Enzyme-Proof Glycan Glue for Extracellular Matrix to
Ameliorate Intervertebral Disc Degeneration. Nat. Commun. 2025, 16
(1), 3629.
(3) Zhong, R.; Wan, X.; Wang, D.; Zhao, C.; Liu, D.; Gao, L.; Wang,
M.; Wu, C.; Nabavid, S. M.; Daglia, M.; Capanoglu, E.; Xiao, J.; Cao, H.
Polysaccharides from Marine Enteromorpha: Structure and function.
Trends Food Sci. Technol. 2020, 99, 11−20.
(4) Leng, Y.; Wang, J.; Wu, N.; Yue, Y.; Geng, L.; Zhang, Q. A Sulfated
Arabinose-Rich Polysaccharide Hydrogel from Chaetomorpha Valida:
Preparation, Properties and Mechanisms. Int. J. Biol. Macromol. 2025,
317, 144872.
(5) Zhao, M.; Xiang, J.; Meng, Y.; Sun, H.; Yang, W.; Li, Z.; Li, K.;
Zhang, Q.; Ao, Z.; Han, D. Astragalus Polysaccharide Hydrogels with
Drug-Carrying Super Self-Assembly from Natural Herbs Promote
Wound Healing. ACS Nano 2025, 19 (23), 21571−21588.
(6) Song, H.; Zhang, Y.; Huang, Q.; Wang, F.; Wang, L.; Xiong, L.;
Shen, X. Extraction Optimization, Purification, Characterization, and
Hypolipidemic Activities of Polysaccharide from Pumpkin. Int. J. Biol.
Macromol. 2025, 307, 141907.
(7) Baltrusch, K. L.; Torres, M. D.; Domínguez, H. Characterization,
Ultrafiltration, Depolymerization and Gel Formulation of Ulvans
Extracted via a Novel Ultrasound-Enzyme Assisted Method. Ultrason.
Sonochem. 2024, 111, 107072.
(8) Zhang, X.; Li, L.; Fung, H.; Chen, N.; Shan, P.; Zhou, Y.; Han, Q.
Critical Review of the Criterion of Polysaccharide Purity. Carbohydr.
Polym. 2025, 352, 123187.
(9) Patel, J.; Maji, B.; Moorthy, N. S. H. N.; Maiti, S. Xanthan Gum
Derivatives: Review of Synthesis, Properties and Diverse Applications.
RSC Adv. 2020, 10 (45), 27103−27136.
(10) Gandhi, N. S.; Mancera, R. L. The Structure of Glycosamino-
glycans and Their Interactions with Proteins. Chem. Biol. Drug Des.
2008, 72 (6), 455−482.
(11) Park, S. H.; Lee, C.-R.; Hong, S.-K. Implications of Agar and
Agarase in Industrial Applications of Sustainable Marine Biomass. Appl.
Microbiol. Biotechnol. 2020, 104 (7), 2815−2832.
(12) Ganjoo, R.; Sharma, S.; Verma, C.; Quraishi, M. A.; Kumar, A.
Heteropolysaccharides in Sustainable Corrosion Inhibition: 4E
(Energy, Economy, Ecology, and Effectivity) Dimensions. Int. J. Biol.
Macromol. 2023, 235, 123571.
(13) Zhang, Z.; Khan, N. M.; Nunez, K. M.; Chess, E. K.; Szabo, C. M.
Complete Monosaccharide Analysis by High-Performance Anion-
Exchange Chromatography with Pulsed Amperometric Detection.
Anal. Chem. 2012, 84 (9), 4104−4110.
(14) Bacalzo, N. P., Jr; Couture, G.; Chen, Y.; Castillo, J. J.; Phillips, K.
M.; Fukagawa, N. K.; Lebrilla, C. B. Quantitative Bottom-Up Glycomic
Analysis of Polysaccharides in Food Matrices Using Liquid
Chromatography-Tandem Mass Spectrometry. Anal. Chem. 2023, 95
(2), 1008−1015.
(15) Couture, G.; Cheang, S. E.; Suarez, C.; Chen, Y.; Bacalzo, N. P.;
Jiang, J.; Weng, C.-Y. C.; Stacy, A.; Castillo, J. J.; Delannoy-Bruno, O.;
et al. A Multi-Glycomic Platform for the Analysis of Food
Carbohydrates. Nat. Protoc. 2024, 19 (11), 3321−3359.
(16) Liu, D.; Tang, W.; Yin, J.-Y.; Nie, S.-P.; Xie, M.-Y.
Monosaccharide Composition Analysis of Polysaccharides from
Natural Sources: Hydrolysis Condition and Detection Method
Development. Food Hydrocolloids 2021, 116, 106641.
(17) Amicucci, M. J.; Nandita, E.; Galermo, A. G.; Castillo, J. J.; Chen,
S.; Park, D.; Smilowitz, J. T.; German, J. B.; Mills, D. A.; Lebrilla, C. B. A
Nonenzymatic Method for Cleaving Polysaccharides to Yield
Oligosaccharides for Structural Analysis. Nat. Commun. 2020, 11 (1),
3963.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.6c07846
ACS Nano XXXX, XXX, XXX−XXX

I

D
ow

nloaded from
 pubs.​acs.​org/​ancac3/​article-pdf/​doi/​10.​1021/​acsnano.​6c07846/​68896148/​acsnano.​6c07846.​pdf by N

AN
JIN

G
 U

N
IV user on 19 O

ctober 2026

https://orcid.org/0000-0001-6133-7027
https://orcid.org/0000-0001-6133-7027
mailto:shuo.huang@nju.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenzheng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunqi+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1473-9036
https://orcid.org/0000-0003-1473-9036
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinmeng+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Panke+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8562-9972
https://orcid.org/0000-0001-8562-9972
https://pubs.acs.org/doi/10.1021/acsnano.6c07846?ref=pdf
https://doi.org/10.1038/s41598-024-64873-0
https://doi.org/10.1038/s41598-024-64873-0
https://doi.org/10.1038/s41467-025-58946-5
https://doi.org/10.1038/s41467-025-58946-5
https://doi.org/10.1016/j.tifs.2020.02.030
https://doi.org/10.1016/j.ijbiomac.2025.144872
https://doi.org/10.1016/j.ijbiomac.2025.144872
https://doi.org/10.1016/j.ijbiomac.2025.144872
https://doi.org/10.1021/acsnano.5c03744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5c03744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5c03744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijbiomac.2025.141907
https://doi.org/10.1016/j.ijbiomac.2025.141907
https://doi.org/10.1016/j.ultsonch.2024.107072
https://doi.org/10.1016/j.ultsonch.2024.107072
https://doi.org/10.1016/j.ultsonch.2024.107072
https://doi.org/10.1016/j.carbpol.2024.123187
https://doi.org/10.1039/D0RA04366D
https://doi.org/10.1039/D0RA04366D
https://doi.org/10.1111/j.1747-0285.2008.00741.x
https://doi.org/10.1111/j.1747-0285.2008.00741.x
https://doi.org/10.1007/s00253-020-10412-6
https://doi.org/10.1007/s00253-020-10412-6
https://doi.org/10.1016/j.ijbiomac.2023.123571
https://doi.org/10.1016/j.ijbiomac.2023.123571
https://doi.org/10.1021/ac300176z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac300176z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41596-024-01017-8
https://doi.org/10.1038/s41596-024-01017-8
https://doi.org/10.1016/j.foodhyd.2021.106641
https://doi.org/10.1016/j.foodhyd.2021.106641
https://doi.org/10.1016/j.foodhyd.2021.106641
https://doi.org/10.1038/s41467-020-17778-1
https://doi.org/10.1038/s41467-020-17778-1
https://doi.org/10.1038/s41467-020-17778-1
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.6c07846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(18) Zhang, K.; Liu,W.; Song, Q.;Wan, J.-B.; Yu, J.; Gong, X.; Cao, L.;
Si, D.; Tu, P.; Li, J.; Song, Y. Integrated Strategy Drives Direct
Infusion−Tandem Mass Spectrometry as an Eligible Tool for Shotgun
Pseudo-TargetedMetabolomics ofMedicinal Plants.Anal. Chem. 2021,
93 (4), 2541−2550.
(19) Ren, R.; Yuan, M.; Li, H.; Chen, D. D. Y. Direct Identification of
Disaccharide Structural Isomers Using Ambient Ionization Tandem
Mass Spectrometry with In SituMethylation. Anal. Chem. 2023, 95 (4),
2213−2220.
(20) Wu, X.; Jiang, W.; Lu, J.; Yu, Y.; Wu, B. Analysis of the
Monosaccharide Composition of Water-Soluble Polysaccharides from
Sargassum Fusiforme by High Performance Liquid Chromatography/
Electrospray Ionisation Mass Spectrometry. Food Chem. 2014, 145,
976−983.
(21) Brokl, M.; Soria, A. C.; Ruiz-Matute, A. I.; Sanz, M. L.; Ramos, L.
Separation of Disaccharides by Comprehensive Two-Dimensional Gas
Chromatography−Time-of-Flight Mass Spectrometry. Application to
Honey Analysis. J. Agric. Food Chem. 2010, 58 (22), 11561−11567.
(22) van de Put, B.; de Bruijn, W. J. C.; Schols, H. A. Structural
Characterization of Disaccharides Using Cyclic Ion Mobility
Spectrometry and Monosaccharide Standards. J. Am. Soc. Mass
Spectrom. 2024, 35 (5), 1012−1020.
(23) May, J. C.; Knochenmuss, R.; Fjeldsted, J. C.; McLean, J. A.
Resolution of Isomeric Mixtures in Ion Mobility Using a Combined
Demultiplexing and PeakDeconvolution Technique.Anal. Chem. 2020,
92 (14), 9482−9492.
(24) Calvano, C. D.; Cataldi, T. R. I.; Kögel, J. F.; Monopoli, A.;
Palmisano, F.; Sundermeyer, J. Structural Characterization of Neutral
Saccharides by Negative Ion MALDI Mass Spectrometry Using a
Superbasic Proton Sponge as Deprotonating Matrix. J. Am. Soc. Mass
Spectrom. 2017, 28 (8), 1666−1675.
(25) van Ede, J. M.; Soic, D.; Pabst, M. Decoding Sugars: Mass
Spectrometric Advances in the Analysis of the Sugar Alphabet. Mass
Spectrom. Rev. 2026, 45, 282−333.
(26) Salas, E.; Gorfer, M.; Bandian, D.; Wang, B.; Kaiser, C.; Wanek,
W. A Rapid and Sensitive Assay to Quantify Amino Sugars, Neutral
Sugars and Uronic Acid Necromass Biomarkers using Pre-Column
Derivatization, Ultra-High-Performance Liquid Chromatography and
High-Resolution Mass Spectrometry. Soil Biol. Biochem. 2023, 177,
108927.
(27) Yao, H.-Y.-Y.; Wang, J.-Q.; Yin, J.-Y.; Nie, S.-P.; Xie, M.-Y. A
Review of NMR Analysis in Polysaccharide Structure and Con-
formation: Progress, Challenge and Perspective. Food Res. Int. 2021,
143, 110290.
(28) Rodríguez Sánchez, R. A.; Matulewicz, M. C.; Ciancia, M. NMR
Spectroscopy for Structural Elucidation of Sulfated Polysaccharides
from Red Seaweeds. Int. J. Biol. Macromol. 2022, 199, 386−400.
(29) Gray, C. J.; Migas, L. G.; Barran, P. E.; Pagel, K.; Seeberger, P. H.;
Eyers, C. E.; Boons, G.-J.; Pohl, N. L. B.; Compagnon, I.; Widmalm, G.;
Flitsch, S. L. Advancing Solutions to the Carbohydrate Sequencing
Challenge. J. Am. Chem. Soc. 2019, 141 (37), 14463−14479.
(30) Manrao, E. A.; Derrington, I. M.; Laszlo, A. H.; Langford, K. W.;
Hopper, M. K.; Gillgren, N.; Pavlenok, M.; Niederweis, M.; Gundlach,
J. H. Reading DNA at Single-Nucleotide Resolution with a Mutant
MspANanopore and phi29 DNAPolymerase.Nat. Biotechnol. 2012, 30
(4), 349−353.
(31) Cherf, G. M.; Lieberman, K. R.; Rashid, H.; Lam, C. E.; Karplus,
K.; Akeson, M. Automated Forward and Reverse Ratcheting of DNA in
a Nanopore at 5-Å Precision. Nat. Biotechnol. 2012, 30 (4), 344−348.
(32) Yan, S.; Zhang, J.; Wang, Y.; Guo, W.; Zhang, S.; Liu, Y.; Cao, J.;
Wang, Y.; Wang, L.; Ma, F.; Zhang, P.; Chen, H.; Huang, S. Single
Molecule Ratcheting Motion of Peptides in a Mycobacterium
smegmatis Porin A (MspA) Nanopore. Nano Lett. 2021, 21 (15),
6703−6710.
(33) Brinkerhoff, H.; Kang, A. S. W.; Liu, J.; Aksimentiev, A.; Dekker,
C. Multiple Rereads of Single Proteins at Single−Amino Acid
Resolution Using Nanopores. Science 2021, 374, 1509−1513.
(34) Motone, K.; Kontogiorgos-Heintz, D.; Wee, J.; Kurihara, K.;
Yang, S.; Roote, G.; Fox, O. E.; Fang, Y.; Queen, M.; Tolhurst, M.;

Cardozo, N.; Jain, M.; Nivala, J. M.-P. Single-Molecule Nanopore
Reading of Long Protein Strands. Nature 2024, 633 (8030), 662−669.
(35) Li, K.; Li, T.; Wang, K.; Wang, Y.; Wang, Z.; Cheng, B.; Ouyang,
Y.; Zhang, P.; Huang, S. In-House Nanopore Analysis of Urine
Metabolites and Its Applications in Nutrition and Sport Monitoring.
Matter 2025, 8 (11), 102329.
(36) Wang, K.; Yang, X.; Xiao, Y.; Cao, Z.; Zhang, S.; Zhang, P.;
Huang, S. Simultaneous Identification of Major Thyroid Hormones by
a Nickel Immobilized Biological Nanopore. Nano Lett. 2024, 24 (1),
305−311.
(37) Erxleben, D. A.; Dodd, R. J.; Day, A. J.; Green, D. E.; DeAngelis,
P. L.; Poddar, S.; Enghild, J. J.; Huebner, J. L.; Kraus, V. B.; Watkins, A.
R.; Reesink, H. L.; Rahbar, E.; Hall, A. R. Targeted Analysis of the Size
Distribution of Heavy Chain-Modified Hyaluronan with Solid-State
Nanopores. Anal. Chem. 2024, 96 (4), 1606−1613.
(38) Rivas, F.; Zahid, O. K.; Reesink, H. L.; Peal, B. T.; Nixon, A. J.;
DeAngelis, P. L.; Skardal, A.; Rahbar, E.; Hall, A. R. Label-Free Analysis
of Physiological Hyaluronan Size Distribution with a Solid-State
Nanopore Sensor. Nat. Commun. 2018, 9 (1), 1037.
(39) Karawdeniya, B. I.; Bandara, Y. M. N. D. Y.; Nichols, J. W.;
Chevalier, R. B.; Dwyer, J. R. Surveying Silicon Nitride Nanopores for
Glycomics and Heparin Quality Assurance.Nat. Commun. 2018, 9 (1),
3278.
(40) Cai, Y.; Zhang, B.; Liang, L.; Wang, S.; Zhang, L.; Wang, L.; Cui,
H.-L.; Zhou, Y.; Wang, D. A Solid-State Nanopore-Based Single-
Molecule Approach for Label-Free Characterization of Plant
Polysaccharides. Plant Commun. 2021, 2 (2), 100106.
(41) Xie, W.; He, S.; Fang, S.; Yin, B.; Tian, R.; Wang, Y.; Wang, D.
Analysis of Starch Dissolved in Ionic Liquid by Glass Nanopore at
Single Molecular Level. Int. J. Biol. Macromol. 2023, 239, 124271.
(42) Xia, B.; Fang, J.; Ma, S.; Ma, M.; Yao, G.; Li, T.; Cheng, X.; Wen,
L.; Gao, Z. Mapping the Acetylamino and Carboxyl Groups on Glycans
by Engineered α-Hemolysin Nanopores. J. Am. Chem. Soc. 2023, 145
(34), 18812−18824.
(43) Li, M.; Xiong, Y.; Cao, Y.; Zhang, C.; Li, Y.; Ning, H.; Liu, F.;
Zhou, H.; Li, X.; Ye, X.; et al. Identification of Tagged Glycans with a
Protein Nanopore. Nat. Commun. 2023, 14 (1), 1737.
(44) Bayat, P.; Rambaud, C.; Priem, B.; Bourderioux, M.; Bilong, M.;
Poyer, S.; Pastoriza-Gallego, M.; Oukhaled, A.; Mathé, J.; Daniel, R.
Comprehensive Structural Assignment of Glycosaminoglycan Oligo-
and Polysaccharides by Protein Nanopore.Nat. Commun. 2022, 13 (1),
5113.
(45) Kumar, P.; Kumar, B.; Gihar, S.; Kumar, D. Review on Emerging
Trends and Challenges in the Modification of Xanthan Gum for
Various Applications. Carbohydr. Res. 2024, 538, 109070.
(46) Zhang, S.; Cao, Z.; Fan, P.;Wang, Y.; Jia,W.;Wang, L.;Wang, K.;
Liu, Y.; Du, X.; Hu, C.; et al. A Nanopore-Based Saccharide Sensor.
Angew. Chem., Int. Ed. 2022, 61 (33), No. e202203769.
(47) Zhang, S.; Cao, Z.; Fan, P.; Sun, W.; Xiao, Y.; Zhang, P.; Wang,
Y.; Huang, S. Discrimination of Disaccharide Isomers of Different
Glycosidic Linkages Using a Modified MspA Nanopore. Angew. Chem.,
Int. Ed. 2024, 63 (8), No. e202316766.
(48) Xiao, Y.; Zhang, S.; Gao, X.; Li, T.; Zhang, H.; Zhang, P.; Huang,
S. Nanopore Profiling and Structure Determination of Oligosacchar-
ides by Fragmentation. Sci. Adv. 2026, 12 (1), No. eaea8462.
(49) Gao, X.; Xiao, Y.; Li, W.; Qian, L.;Wang, K.; Zhang, P.; Huang, S.
Nanopore Analysis of Malto-oligosaccharides from Amylose, Amylo-
pectin, andCyclodextrin Hydrolysates.Nano Lett. 2026, 26 (1), 74−82.
(50) Kondo, T.; Kichijo, M.; Maruta, A.; Nakaya, M.; Takenaka, S.;
Arakawa, T.; Fushinobu, S.; Sakamoto, T. Structural and Functional
Analysis of Gum Arabic l-Rhamnose-α-1,4-d-Glucuronate Lyase
Establishes a Novel Polysaccharide Lyase Family. J. Biol. Chem. 2021,
297 (3), 101001.
(51) Sasaki, Y.; Matsuo, A.; Hashiguchi, M.; Fujimura, K.; Koshino,
H.; Tanaka, K.; Ito, Y.; Kitahara, K.; Ishiwata, A.; Fujita, K. Structural
Analysis of Gum Arabic Side Chains from Acacia Seyal Released by
Bifidobacterial β-Arabino-Oligosaccharide 3-O-β-l-Arabinopyranosyl-
α-l-Arabinofuranosidase. Carbohydr. Polym. 2025, 349, 122965.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.6c07846
ACS Nano XXXX, XXX, XXX−XXX

J

D
ow

nloaded from
 pubs.​acs.​org/​ancac3/​article-pdf/​doi/​10.​1021/​acsnano.​6c07846/​68896148/​acsnano.​6c07846.​pdf by N

AN
JIN

G
 U

N
IV user on 19 O

ctober 2026

https://doi.org/10.1021/acs.analchem.0c04602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.foodchem.2013.09.019
https://doi.org/10.1016/j.foodchem.2013.09.019
https://doi.org/10.1016/j.foodchem.2013.09.019
https://doi.org/10.1016/j.foodchem.2013.09.019
https://doi.org/10.1021/jf102646n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf102646n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf102646n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.4c00029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.4c00029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.4c00029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b05718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b05718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13361-017-1679-y
https://doi.org/10.1007/s13361-017-1679-y
https://doi.org/10.1007/s13361-017-1679-y
https://doi.org/10.1002/mas.21927
https://doi.org/10.1002/mas.21927
https://doi.org/10.1016/j.soilbio.2022.108927
https://doi.org/10.1016/j.soilbio.2022.108927
https://doi.org/10.1016/j.soilbio.2022.108927
https://doi.org/10.1016/j.soilbio.2022.108927
https://doi.org/10.1016/j.foodres.2021.110290
https://doi.org/10.1016/j.foodres.2021.110290
https://doi.org/10.1016/j.foodres.2021.110290
https://doi.org/10.1016/j.ijbiomac.2021.12.080
https://doi.org/10.1016/j.ijbiomac.2021.12.080
https://doi.org/10.1016/j.ijbiomac.2021.12.080
https://doi.org/10.1021/jacs.9b06406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nbt.2171
https://doi.org/10.1038/nbt.2171
https://doi.org/10.1038/nbt.2147
https://doi.org/10.1038/nbt.2147
https://doi.org/10.1021/acs.nanolett.1c02371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c02371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.abl4381
https://doi.org/10.1126/science.abl4381
https://doi.org/10.1038/s41586-024-07935-7
https://doi.org/10.1038/s41586-024-07935-7
https://doi.org/10.1016/j.matt.2025.102329
https://doi.org/10.1016/j.matt.2025.102329
https://doi.org/10.1021/acs.nanolett.3c04024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.3c04024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c04387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c04387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c04387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-03439-x
https://doi.org/10.1038/s41467-018-03439-x
https://doi.org/10.1038/s41467-018-03439-x
https://doi.org/10.1038/s41467-018-05751-y
https://doi.org/10.1038/s41467-018-05751-y
https://doi.org/10.1016/j.xplc.2020.100106
https://doi.org/10.1016/j.xplc.2020.100106
https://doi.org/10.1016/j.xplc.2020.100106
https://doi.org/10.1016/j.ijbiomac.2023.124271
https://doi.org/10.1016/j.ijbiomac.2023.124271
https://doi.org/10.1021/jacs.3c03563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c03563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-023-37348-5
https://doi.org/10.1038/s41467-023-37348-5
https://doi.org/10.1038/s41467-022-32800-4
https://doi.org/10.1038/s41467-022-32800-4
https://doi.org/10.1016/j.carres.2024.109070
https://doi.org/10.1016/j.carres.2024.109070
https://doi.org/10.1016/j.carres.2024.109070
https://doi.org/10.1002/anie.202203769
https://doi.org/10.1002/anie.202316766
https://doi.org/10.1002/anie.202316766
https://doi.org/10.1126/sciadv.aea8462
https://doi.org/10.1126/sciadv.aea8462
https://doi.org/10.1021/acs.nanolett.5c04591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5c04591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jbc.2021.101001
https://doi.org/10.1016/j.jbc.2021.101001
https://doi.org/10.1016/j.jbc.2021.101001
https://doi.org/10.1016/j.carbpol.2024.122965
https://doi.org/10.1016/j.carbpol.2024.122965
https://doi.org/10.1016/j.carbpol.2024.122965
https://doi.org/10.1016/j.carbpol.2024.122965
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.6c07846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(52) Jiang, C.; Zhang, T.; Xu, Y.; Mao, X. Characterization of a GH50
β-Agarase: A Biotechnological Tool for Preparing Oligosaccharides
from Agarose and Porphyran. J. Agric. Food Chem. 2022, 70 (32),
9931−9940.
(53) Li, Q.-Q.; Xu, D.; Dong, Q.-W.; Song, X.-J.; Chen, Y.-B.; Cui, Y.-
L. Biomedical Potentials of Alginate via Physical, Chemical, and
Biological Modifications. Int. J. Biol. Macromol. 2024, 277, 134409.
(54)Muthukumar, T.; Song, J. E.; Khang, G. Biological Role of Gellan
Gum in Improving Scaffold Drug Delivery, Cell Adhesion Properties
for Tissue Engineering Applications. Molecules 2019, 24 (24), 4514.
(55) Lima, M.; Rudd, T.; Yates, E. New Applications of Heparin and
Other Glycosaminoglycans. Molecules 2017, 22 (5), 749.
(56) Rajesh, A.; Sajeev, D.; R, N. K.; Rangasamy, J.; Nair, C. S.
Chondroitin Sulfate: From Bioactive Molecule to Versatile Drug
Delivery System for Advancing Regenerative Medicine. Int. J. Biol.
Macromol. 2025, 311, 143746.
(57) Guerrini, M.; Beccati, D.; Shriver, Z.; Naggi, A.; Viswanathan, K.;
Bisio, A.; Capila, I.; Lansing, J. C.; Guglieri, S.; Fraser, B.; Al-Hakim, A.;
Gunay, N.; Zhang, Z.; Robinson, L.; Buhse, L.; Nasr, M.; Woodcock, J.;
Langer, R.; Venkataraman, G.; Linhardt, R.; et al. Oversulfated
Chondroitin Sulfate is a Contaminant in Heparin Associated with
Adverse Clinical Events. Nat. Biotechnol. 2008, 26 (6), 669−675.
(58) Heinz, D.; Chang, C. Fully Constrained Least Squares Linear
Spectral Mixture Analysis Method for Material Quantificationin
Hyperspectral Imagery. IEEE Trans. Geosci. Remote Sens. 2001, 39
(3), 529−545.
(59) Butler, T.; Pavlenok, M.; Derrington, I.; Niederweis, M.;
Gundlach, J. Single-molecule DNA Detection with an Engineered
MspA Protein Nanopore. Proc. Natl. Acad. Sci. U. S. A. 2008, 105 (52),
20647−20652.
(60) Wang, Y.; Zhang, S.; Jia, W.; Fan, P.; Wang, L.; Li, X.; Chen, J.;
Cao, Z.; Du, X.; Liu, Y.; Wang, K.; Hu, C.; Zhang, J.; Hu, J.; Zhang, P.;
Chen, H.; Huang, S. Identification of Nucleoside Monophosphates and
Their Epigenetic Modifications Using an Engineered Nanopore. Nat.
Nanotechnol. 2022, 17 (9), 976−983.
(61) Dlugas, H.; Zhang, X.; Kim, S. Comparative Analysis of
Continuous Similarity Measures for Compound Identification in Mass
Spectrometry-based Metabolomics. Chemom. Intell. Lab. Syst. 2025,
263, 105417.
(62) Arroyo-Cerezo, A.; Jiménez-Carvelo, A. M.; Medina-García, M.;
Roca-Nasser, E. A.; Cuadros-Rodríguez, L. Rediscovering Similarity
Analysis of Analytical Signal: A not Well-known Mainstay of
Chemometrics. Trends Anal. Chem. 2025, 185, 118166.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.6c07846
ACS Nano XXXX, XXX, XXX−XXX

K

D
ow

nloaded from
 pubs.​acs.​org/​ancac3/​article-pdf/​doi/​10.​1021/​acsnano.​6c07846/​68896148/​acsnano.​6c07846.​pdf by N

AN
JIN

G
 U

N
IV user on 19 O

ctober 2026

https://doi.org/10.1021/acs.jafc.2c02107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.2c02107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.2c02107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijbiomac.2024.134409
https://doi.org/10.1016/j.ijbiomac.2024.134409
https://doi.org/10.3390/molecules24244514
https://doi.org/10.3390/molecules24244514
https://doi.org/10.3390/molecules24244514
https://doi.org/10.3390/molecules22050749
https://doi.org/10.3390/molecules22050749
https://doi.org/10.1016/j.ijbiomac.2025.143746
https://doi.org/10.1016/j.ijbiomac.2025.143746
https://doi.org/10.1038/nbt1407
https://doi.org/10.1038/nbt1407
https://doi.org/10.1038/nbt1407
https://doi.org/10.1109/36.911111
https://doi.org/10.1109/36.911111
https://doi.org/10.1109/36.911111
https://doi.org/10.1073/pnas.0807514106
https://doi.org/10.1073/pnas.0807514106
https://doi.org/10.1038/s41565-022-01169-2
https://doi.org/10.1038/s41565-022-01169-2
https://doi.org/10.1016/j.chemolab.2025.105417
https://doi.org/10.1016/j.chemolab.2025.105417
https://doi.org/10.1016/j.chemolab.2025.105417
https://doi.org/10.1016/j.trac.2025.118166
https://doi.org/10.1016/j.trac.2025.118166
https://doi.org/10.1016/j.trac.2025.118166
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.6c07846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

