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B I O P H Y S I C S

Nanopore profiling and structure determination of 
oligosaccharides by fragmentation
Yunqi Xiao1,2†, Shanyu Zhang1,2†, Xinmeng Gao1,2, Tian Li1,2, Hanhan Zhang1,2,  
Panke Zhang1, Shuo Huang1,2*

Oligosaccharides, polymers of covalently linked monosaccharides, are essential biomolecules mediating diverse 
biological and physiological processes. Despite their critical roles, the structural complexity of many oligosac-
charides poses a notable challenge for comprehensive characterization, limiting our understanding of their bio-
logical functions. Nanopores as emerging single-molecule sensors offer promise for oligosaccharide structural 
analysis. Here, we demonstrate direct discrimination of diverse mono- and oligosaccharides using a hetero-
octameric Mycobacterium smegmatis porin A (MspA) nanopore integrated with a single phenylboronic acid (PBA) 
adapter (MspA-90PBA). The high-resolution event signatures generated by MspA-90PBA enable structural analy-
sis of complex oligosaccharides via hydrolysis into smaller fragments, which can be analyzed for either structure 
profiling or determination. Using a minimized reference database, we achieve structural determination of raffi-
nose, stachyose, and verbascose through nanopore characterization of its hydrolyzed fragments followed by 
fragment assembly. This work establishes a framework for nanopore-based oligosaccharide analysis, combining 
single-molecule sensing with a fragment assembly strategy to address the long-standing challenge of glycan 
structural elucidation.

INTRODUCTION
Oligosaccharides are biopolymers of monosaccharides sequentially 
linked together by glycosidic linkages (1). Oligosaccharides are wide-
ly found in nature, in the form of either isolated entities or conju-
gates covalently appended to RNAs (2), proteins (3), lipids (4), or 
secondary metabolites (5). Oligosaccharides play pivotal roles in 
biological activities, including energy storage (6), protein secretion 
(7), cell communication (8), pathogen invasion (9), and immune 
regulation (10). The diverse roles of oligosaccharides are immedi-
ately associated with their complex structures. Monosaccharides are 
linked via a glycosidic bond between the anomeric carbon of one 
monosaccharide and the hydroxyl group of the other (11). Unlike 
nucleic acids or peptides, which are linear, each monosaccharide unit 
has multiple glycosidic hydroxyl groups, and the orientation of the 
glycosidic bond at the anomeric carbon (α versus β) also affects the 
structure, generating complex and branched oligosaccharide struc-
tures (1, 11), which makes it extremely difficult to analyze the struc-
ture of oligosaccharides.

Conventionally, the structural elucidation of oligosaccharides can 
be carried out via nuclear magnetic resonance (NMR) (12), mass 
spectrometry (MS) (13), liquid chromatography (LC) (14), infrared 
(IR) spectroscopy (15), or combinations of these techniques. NMR 
spectroscopy can resolve the oligosaccharide structure at atomic reso-
lution, in which different chemical groups of an oligosaccharide can 
be recognized by the corresponding chemical shifts (16). However, 
this method requires milligrams of analyte, which is usually im-
possible for oligosaccharide samples from biological resources (12). 
MS, which is more sensitive, is also widely applied in oligosaccha-
ride profiling and sequencing (17, 18). However, single-stage MS 

provides insufficient structural details for oligosaccharide sequenc-
ing and fails to discriminate between oligosaccharide isomers (19). 
When equipped with activation methods such as collision-induced 
dissociation (20) or electron transfer dissociation (21), tandem 
MS (22) can provide more information on oligosaccharide branch-
ing and linkage information (23–25). However, tandem MS is low 
throughput (26) and often requires the availability of oligosaccharide 
profile databases for structural analysis (27–29). Various LC separa-
tion methods coupled with MS have been used to separate and ana-
lyze oligosaccharide structures, with an emphasis on oligosaccharide 
isomer identification (14). The LC separation conditions, however, 
require complex optimization for different types of samples (30, 31). 
IR spectroscopy, which is rapid, nondestructive and accessible (32), 
is used in the identification of saccharide types, substitution groups, 
and anomeric carbon configurations (33). However, the complexity 
of IR spectrum interpretation has limited its wide application (33). 
All of the above-described conventional analytical methods require 
bulky apparatus and complex data interpretation for oligosaccharide 
sequence elucidation.

Nanopores are emerging single-molecule sensors widely used 
in the sequencing of DNA (34, 35) and RNA (36). Nanopore nucleic 
acid sequencing offers technical advantages, including, but not lim-
ited, to a long read length (37), a portable device (38), fast speed 
(39), and resolution to resolve a variety of epigenetic modifications 
(40). Nanopore nucleic acid sequencing is achieved by the ratchet-
ing motion of the nucleic acid strand driven by a motor protein 
(34, 35). Motivated by the success of nanopore nucleic acid sequenc-
ing, it is widely anticipated that proteins (41) or polysaccharides 
(42) may also be sequenced by nanopores in a similar manner. De-
spite recent advances in nanopore protein/peptide sequencing (43–
45), possibly owing to the structural complexity of polysaccharides, 
the developments aimed at nanopore oligosaccharide sequencing 
clearly lag behind.

With solid-state nanopores, polysaccharides of large molecular 
weights, such as glycosaminoglycans (46–50), xylans (51), and starch 
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(52), can be sensed. On the other hand, by observing pore rectifica-
tion via phenylboronic acid (PBA)–modified solid-state nanopores 
(53–55), the presence of monosaccharides such as glucose or fruc-
tose can also be detected. Although the sensing of diverse types 
of saccharides has been performed via solid-state nanopores, 
solid-state nanopores generally lack sufficient resolution to dis-
criminate between saccharides with subtle sequence differences or 
saccharides of small sizes such as monosaccharides or low molecu-
lar weight oligosaccharides.

Saccharide sensing has also been performed with biological 
nanopores. For example, when equipped with a saccharide-binding 
protein (56, 57), a cytolysin A nanopore is immediately turned 
into a glucose/maltose sensor. Aerolysin (58) and mutated α-
hemolysin (α-HL) (59) can directly sense saccharides with tags 
(58) or specific functional groups (59) by saccharide-nanopore in-
teractions. However, these techniques are limited with either a tag 
molecule that must be appended to the saccharide analyte before 
measurement (58) or few types of suitable saccharides (59), dem-
onstrating limited generality. Nanopore discrimination of oligosac-
charides of different length was also demonstrated (60). However, 
the nanopore sensor used is only suitable for a very limited range of 
saccharide sequences.

With a hetero-heptameric α-HL nanopore modified with a sole 
PBA adapter (61), nanopore sensing of d-glucose, d-fructose, and 
d-maltose was achieved by PBA-diol interaction. However, owing to 
the limited resolution of α-HL, the simultaneous discrimination of 
these saccharides was only barely demonstrated, and the sensing of 
other saccharides has not been reported. Given the high resolution 
offered by a conical lumen geometry, a hetero-octameric MspA con-
jugated with a PBA adapter (MspA-90PBA) was reported to be able 
to discriminate among all major monosaccharides (62). In a later 
study, direct determination of the glycosidic linkages of a variety 
of disaccharide isomers was demonstrated (63). The challenge of 
unambiguous oligosaccharide identification requires a saccharide-
responsive nanopore that simultaneously offers high generality and 
discrimination resolution, without the need for analyte tagging. To 
date, MspA-90PBA is the only nanopore that fully meets these re-
quirements, highlighting its suitability as a sensor for nanopore-based 
oligosaccharide structure analysis.

The workflow is outlined in Fig. 1. First, a collection of mono-
saccharides and oligosaccharides is analyzed using MspA-90PBA, 
generating unique nanopore event signatures for each saccharide. 
These signatures are compiled into a reference database. For an 
unidentified oligosaccharide, direct measurement with MspA-
90PBA is first attempted: If its nanopore events exactly match 
those of a saccharide in the database, then it is directly identified. 
If not, then the oligosaccharide is hydrolyzed into smaller frag-
ments, which are then measured by MspA-90PBA. The collective 
pattern of events from these fragments forms a distinct nanopore 
profile, a structural “fingerprint” of the parent oligosaccharide. 
If the fragment identities match entries in the database, then the 
original oligosaccharide’s structure can be reconstructed through 
fragment assembly, enabling structural determination. Even the 
unhydrolyzed oligosaccharide generates characteristic nanopore 
events. Thus, once its structure is elucidated via fragment assem-
bly, its identity and corresponding nanopore event features are 
incorporated into the database. This continuous integration ex-
pands the database’s coverage, enabling analysis of increasingly 
complex oligosaccharides.

RESULTS
Discrimination of oligosaccharides by MspA-90PBA
A hetero-octameric MspA containing a sole cysteine at its pore con-
striction was first prepared (Materials and Methods). This hetero-
octameric MspA, also referred to as (N90C)1(M2)7, was assembled 
from one monomer of the N90C mutant and seven monomers of the 
M2 mutant (64, 65). To append a PBA adapter to the pore con-
struction, (N90C)1(M2)7 was mixed with 3-(maleimide) PBA (MPBA), 
generating a PBA-modified (N90C)1(M2)7, referred to as MspA-
90PBA. To evaluate the sensing generality of MspA-90PBA for 
oligosaccharides, a variety of disaccharides and trisaccharides were 
respectively sensed (Fig.  2A), following the mechanism that PBA 
reversibly react with 1,2- or 1,3-cis-diol on the saccharide to form 
five- or six-membered boronate ester (Fig. 2B) (62). Nanopore mea-
surements were carried out with a MspA-90PBA in a 1.5 M KCl buffer 
[1.5M KCl and 100 mM 3-morpholinopropanesulfoinc acid (Mops; 
pH 7.0)], and a +160-mV potential was continually applied (Materi-
als and Methods). Under these conditions, a stable open pore cur-
rent (I0) was reported.

In separate measurements, sucrose (Suc) (20 mM), lactulose 
(10 mM), lactose (Lac) (10 mM), melibiose (Mel) (10 mM), or 
galactoseα1-6galactose (G-G) (5 mM) (table S1), which differ in 
either their monosaccharide subunits or their glycosidic linkag-
es, was respectively added to the cis chamber, immediately after 
which corresponding nanopore events were observed. To evalu-
ate the results quantitatively, the mean blockage amplitude (ΔI) 
and the noise amplitude of the blockage level (SD) were ex-
tracted from all acquired events (fig. S1), according to which 
all five disaccharides were clearly discriminable. When probed 
by MspA-90PBA, Suc reported only a single type of event, 
whereas the other four disaccharides reported multiple event 
types (Fig. 2C). The saccharide analyte, which contains multiple 
hydroxyl groups, may have multiple possible configurations when 
bound to the PBA adapter, thus reporting multiple types of events. 
In the corresponding event scatter plots of ΔI/I0 versus SD, simul-
taneous reports of multiple event types appear as clearly discrim-
inable patterns of event distribution (figs. S2 to S6). According to 
the results of three independent measurements (N = 3) (figs. S2 to 
S6), this observation is consistently reported, demonstrating high 
data reproducibility.

During nanopore saccharide sensing, noise events, which 
appear as nonclustering events in the scatter plot, are inevitable. 
These noise events might result from either impurity in the 
sample or nonspecific binding of the target saccharide to the 
PBA adapter. To minimize the interference caused by noise 
events, a density-based spatial clustering of applications with 
noise (DBSCAN) algorithm was developed (figs. S2 to S6), with 
which the noise events can be automatically removed. Generally, 
all five types of disaccharides report distinct event features and 
patterns of event distribution. Notably, Lac and Mel, which dif-
fer only in their glycosidic linkages, are clearly distinguished by 
MspA-90PBA. In addition, the pair of lactulose and Lac and 
the pair of Mel and G-G differ by only a monosaccharide sub-
unit. However, their event features are completely discriminable 
when probed by MspA-90PBA.

The same measurements were also performed with a set of five 
trisaccharides (table  S2). Under identical experimental condi-
tions, kestose (Kes) (10 mM), maltotriose (Mal) (20 mM), lactosyl 
fructoside (L-F) (10 mM), 2′-fucosyllactose (2F-L) (20 mM), and 
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manninotriose (10 mM) were respectively added to the cis chamber 
in separate measurements. Each type of trisaccharide has a unique 
pattern of event distribution (N = 3), demonstrating clear analyte 
discrimination (Fig. 2D and figs. S7 to S11). All noise events were 
removed by DBSCAN. The event differences among Lac, L-F, and 
2F-L demonstrate that the addition of a single monosaccharide at 
the reducing end or nonreducing end of the oligosaccharide nota-
bly changes the event features. To this end, the event features of 
10 oligosaccharides probed by MspA-90PBA were well acquired. 
By demonstrating high resolution in the discrimination of oligo-
saccharides with only subtle structural differences, the ability of 
MspA-90PBA to sense a variety of oligosaccharides has been con-
firmed. Generally, the rate of event appearance is linear correlated 
to the saccharide concentration (fig. S12). The limit of detection 
can reach μM level (table S3). The high concentration used is to 
efficiently gain more data for following saccharide database con-
struction. While demonstrated in a limited number of cases, this 
sensing mode represents the direct identification approach de-
scribed in Fig. 1.

Construction of the saccharide database by 
machine learning
To enable accurate identification of saccharides in mixture of hydro-
lysates, we established a nanopore saccharide database tailored for 
machine learning–based saccharide identification (Fig. 3A). First, a refer-
ence collection was compiled containing 10 oligosaccharides (Fig. 2) 
and nine monosaccharides (62): d-glucose (Glc), d-mannose (Man), 
d-galactose (Gal), N-acetyl-d-galactosamine (GalNAc), d-fructose (Fru), 
l-sorbose (Sor), l-rhamnose (Rha), d-xylose (Xyl), and d-ribose (Rib). 
These nanopore events were separately acquired with each of the 19 
pure saccharide samples and compiled as standard reference events. 
From each event, eight features, including ΔI/I0, SD (fig. S1), event 
dwell time (time), Δmax/I0, Δmin/I0, Δmedian/I0, interquartile range 
(IQR)/I0, and range/I0, were extracted (fig. S13). Detailed definitions 
of these event features are provided in fig. S13. The detailed feature 
calculation method is described in Materials and Methods.

These event features were collected to form a feature matrix, 
with which machine learning operations were performed for mod-
el building and identity prediction. Briefly, all events recorded in the 
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Fig. 1. Schematic of nanopore oligosaccharide analysis using MspA-90PBA. In this framework, saccharides can be analyzed via three sensing modes: direct identifica-
tion, structural profiling, and structural determination. First, a saccharide database is established containing model saccharides with known identities and their corre-
sponding nanopore event features. For direct identification, if the nanopore events generated by an unknown saccharide exactly match those of a reference saccharide 
in the database, then its structure is directly confirmed. For structural profiling, the oligosaccharide is hydrolyzed into fragments, which are then measured by MspA-
90PBA to obtain structural signatures. This mode operates without relying on preexisting database information. For structural determination, if hydrolyzed fragments 
match entries in the database, then the oligosaccharide’s full structure can be reconstructed through fragment assembly. Newly identified saccharides and their nanopore 
features are continuously integrated into the database to expand its coverage.
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database were first subjected to noise reduction via DBSCAN. After-
ward, 1000 events acquired with each type of saccharide were col-
lected and split into a training set (80%, each saccharide 800 events) 
and a testing set (20%, each saccharide 200 events) (Materials and 
Methods). The training set was used for model training and valida-
tion, the results of which were applied for model selection. The test-
ing set was used to verify the model performance on the nontraining 
data. Cross-validation was performed to obtain validation accu-
racy for model performance evaluation. Among the variety of 
models being trained, the bagged tree model had the highest 
validation accuracy of 94.6% (table S4). To evaluate the model ro-
bustness, a sensitivity analysis on feature reduction is applied. 
With the number of features reduced, both validation and testing 
accuracy decreased slightly (table S5), confirming the suitability of 
the eight-feature model.

The testing result of the bagged tree model is shown in the confu-
sion matrix (Fig.  3B). The total testing accuracy, precision, recall 
and F1 score were 94.9, 94.7, 94.9, and 94.8%, respectively (table S6). 
In addition, the t-distributed stochastic neighbor embedding (t-SNE) 
algorithm was applied to reduce the dimensions of eight event 
features to the visual two-dimensional (2D) space. The events in 
the training set that belong to different saccharides were well 

distinguished from each other (Fig. 3C), although the events of 
these saccharides partially overlapped in the dimensions of ΔI/I0 
versus SD (Fig. 2).

Database searching algorithm
When probed by MspA-90PBA, both the reported event features 
and corresponding event distributions are useful for confirming the 
presence of a specific type of saccharide analyte in the sample. Tech-
nically, with events acquired by MspA-90PBA, each event is first 
predicted by the previously trained bagged tree model, according to 
which each event is assigned a predicted class along with a predic-
tive score. A predictive score threshold is set so that events with a 
low predictive score can be removed. The wrongly predicted events 
can be excluded by this step.

Among all events, the events assigned with the same predicted 
class are separately grouped. For each group, the corresponding 
event distribution (fig. S14 and Materials and Methods) is then 
compared with the standard event distribution of its predicted class, 
which is previously recorded in the database. The comparison would 
reveal a matching degree (fig. S15). A sufficiently high matching de-
gree would confirm the correct prediction of this group of events, 
and the presence of this specific type of saccharide analyte is thus 
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Fig. 2. Oligosaccharide identification by MspA-90PBA. (A) Schematic diagram of oligosaccharide identification by MspA-90PBA. MspA-90PBA is generally suitable for 
the sensing of oligosaccharides with a wide range of lengths and sequences. (B) The mechanism of oligosaccharide sensing by MspA-90PBA. Via the reversible formation 
of a boronate ester between PBA and 1,2- or 1,3-cis-diol on the target saccharide, corresponding nanopore events are generated. (C) The event scatter plot of ΔI/I0 versus 
SD of events respectively acquired with five disaccharides, including sucrose (Suc) (n = 2175), lactulose (n = 1514), lactose (Lac) (n = 2229), melibiose (Mel) (n = 3509), and 
galactoseα1-6galactose (G-G) (n = 1767). (D) The event scatter plot of ΔI/I0 versus SD of events respectively acquired with five trisaccharides, including kestose (Kes) 
(n = 1394), maltotriose (Mal) (n = 1352), lactosyl fructoside (L-F) (n = 2533), 2′-fucosyllactose (2F-L) (n = 2597), and manninotriose (n = 1600). Events of each type of sac-
charide (C and D) are from the results of three independent measurements after cluster analysis treatment (figs. S2 to S11). Experimentally, all the oligosaccharides (C and 
D) were separately added to the cis chamber. The final concentrations of Suc, Mal, and 2F-L were 20 mM. The final concentrations of lactulose, Lac, Mel, Kes, L-F, and man-
ninotriose were 10 mM. The final concentration of G-G was 5 mM. All nanopore measurements were performed as described in Materials and Methods in a 1.5 M KCl 
buffer, and a potential of +160 mV was continuously applied.
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validated (Fig. 4A). Here, only event distributions with a matching 
degree over a set threshold are considered correct. Otherwise, this 
event distribution is considered to be generated by a certain saccha-
ride type that is not previously recorded in the saccharide database.

To validate the above-described algorithm, a mixed oligosaccha-
ride sample containing lactulose, Lac, Mel, 2F-L, and L-F, which dif-
fer in their monosaccharide composition, glycosidic linkages, and 
count of monosaccharide subunits (fig. S16), was used for nanopore 
measurement. Experimentally, lactulose, Lac, Mel, 2F-L, and L-F 
were simultaneously added to the cis chamber. The final concentra-
tion of lactulose was 2 mM, and the concentrations of Lac, Mel, 2F-
L, and L-F were 5 mM for each component. All events acquired with 
MspA-90PBA were subjected to cluster analysis to remove noise 
events (fig. S17B). All remaining events were then predicted by the 
bagged tree model, and some events were wrongly predicted as oth-
er saccharides (fig. S17C). To mitigate the interference of incorrect 
predictions, a predictive score threshold was selected. The selection 
principle is to minimize the proportion of incorrect events while 
preserving as many correct events as feasible. Among different pre-
dictive score thresholds, a value of 0.8 yields the largest difference 
between the proportions of correct and incorrect events, consistent 
with the aforementioned selection principle (fig. S18). Therefore, a 
predictive score threshold of 0.8 was set for data processing. Only 
events with a predictive score of ≥0.8 were retained for further 
analysis. All remaining events, which were mainly predicted to 
be lactulose, Lac, Mel, 2F-L, and L-F, are shown in the scatter 
plot of ΔI/I0 versus SD (Fig. 4B). The discrimination of these five 

oligosaccharides is also shown by dimensionality reduction in the 
t-SNE plot (Fig. 4C).

According to their predicted class, these events were then split 
into different scatter plots according to the predict labels (fig. S19). 
The patterns of event distribution corresponding to lactulose, Lac, 
Mel, 2F-L, and L-F are consistent with those shown in Fig. 2, indi-
cating high measurement consistency. The derivation of matching 
degree for events of lactulose, Lac, Mel, 2F-L, and L-F to that of the 
standard events recorded in the database is shown in fig. S20, ac-
cording to which the matching degrees of lactulose, Lac, Mel, 2F-L, 
and L-F are 0.84625, 0.8225, 0.9025, 0.905, and 0.9175, respective-
ly. The matching degrees of all the predicted classes are shown 
in Fig. 4D.

The matching threshold is set sufficiently high to minimize false 
predictions while preserving valid results. By setting the matching 
degree threshold to 80%, the predictions of lactulose, Lac, Mel, 2F-L, 
and L-F were confirmed to be correct. Although some events were 
predicted and a sufficiently high predictive score was reported, these 
events failed to report a high matching degree. Therefore, the 
presence of these saccharide compounds was not validated (Fig. 4D). 
Matching degree threshold of 80% is used for following analysis. To 
this end, the database searching algorithm of event prediction fol-
lowed by matching degree confirmation was confirmed by the mix-
ture of complex saccharide samples.

Moreover, to verify whether this method can determine the sac-
charide that did not exist in the database, raffinose (Raf) and stachy-
ose (Sta) are used for MspA-90PBA measurement. Raf (20 mM) was 
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Fig. 3. Machine learning–based saccharide identification. (A) Flow diagram of machine learning model building. A saccharide pool containing 10 oligosaccharides 
(Suc, lactulose, Lac, Mel, G-G, Kes, Mal, L-F, 2F-L, and manninotriose) (Fig. 2) and nine monosaccharides (62) (Glc, Man, Gal, GalNAc, Fru, Sor, Rha, Xyl, and Rib) is first estab-
lished. All 19 standard saccharides are respectively sensed by MspA-90PBA to acquire corresponding event features. For each event, eight features, including ΔI/I0, SD, 
time, Δmax/I0, Δmin/I0, Δmedian/I0, IQR/I0, and range/I0, were extracted (fig. S13), from which the saccharide database is established. One thousand events of each sac-
charide are selected for model building (800 events) and testing (200 events). According to the validation results, the best performing model is selected for all the predic-
tion tasks. (B) Confusion matrix generated by the bagged tree model using the testing set. Here, the bagged tree model is the best-performing model, with a 94.9% 
testing accuracy. TPR and FNR represent the true and false classification rates for each true class, respectively. (C) t-SNE plot generated by dimension reduction of eight 
features to visual 2D space (n = 15,200), according to which all 19 saccharides are fully separated in the plot.
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measured three times by MspA-90PBA, and noise events were re-
moved by DBSCAN (fig.  S21). Raf reported consistent event 
patterns in three independent measurements. The events were pre-
dicted by the bagged tree model. A large fraction of events received 
a low predictive score and were thus removed before further analy-
sis. All remaining events reported low matching degrees, confirm-
ing that Raf did not equal to any saccharide in the current database 
(fig. S22). Also, Sta (20 mM) was measured by MspA-90PBA, which 
generated corresponding nanopore events (fig. S23). The event dis-
tribution of Sta failed to match any standard event distribution re-
corded in the saccharide database (fig. S24), confirming that Sta is 
not an existing saccharide in the database. The identification mode 
of Raf and Sta represents the direct identification with database search-
ing approach described in Fig. 1.

Nanopore identification of the base of 
monosaccharide composition
The above saccharide sensing principle can be applied for identify-
ing the base of monosaccharide composition in an oligosaccha-
ride (Fig. 5A). Briefly, an oligosaccharide that is unidentified can be 
completely hydrolyzed to monosaccharides by acid. The gener-
ated monosaccharide mixture would then be measured by MspA-
90PBA. If the standard event features and the corresponding event 

distributions of all detected monosaccharides were previously re-
corded in the saccharide database, then they can be directly identi-
fied by the matching degree integrated machine learning algorithm 
via database searching (Fig. 4).

To validate its feasibility, manninotriose, Raf, and Sta were se-
lected as proof-of-concept model saccharides. To ensure that unhy-
drolyzed Raf and Sta could also be recognized by the bagged tree 
model, these saccharides were incorporated into the database. Up-
dating the previously trained model yielded a confusion matrix with 
a total testing accuracy, precision, recall, and F1 score of 95.0, 
95.0, 95.0, and 95.0%, respectively (fig. S25, table S6), indicating 
that Raf and Sta generated distinct events from existing data-
base entries and their inclusion did not compromise the data-
base’s sensing performance.

Manninotriose, Raf, and Sta were then fully hydrolyzed into 
monosaccharides via acid treatment. Experimentally, 80 mM solu-
tions of each oligosaccharide were incubated in 0.5 M trifluoroacetic 
acid (TFA) at 80°C for 12 hours (Materials and Methods). The re-
action was quenched by adjusting the pH to 7, followed by ul-
trafiltration to remove high–molecular-weight by-products. Using 
MspA-90PBA, 40 μl of the manninotriose ultrafiltrate was added to 
the cis chamber to initiate the measurements. Three independent tri-
als (N = 3) showed consistent results in scatter plots (fig. S26). Events 
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Fig. 4. Event distribution prediction for saccharide events. (A) The workflow of nanopore identification of saccharides. A sample containing unknown saccharides is 
measured by MspA-90PBA, which generated corresponding events. Each event is then predicted by the previously trained bagged tree model (Fig. 3B). Events predicted 
to be of the same class are then evaluated as an event distribution. By evaluating the matching degree compared with standard event distributions previously obtained 
with model saccharides (fig. S15 and Materials and Methods), correct and incorrect distributions are identified. Here, the incorrect distributions represent events gener-
ated by saccharides not belonging to any standard samples in the database. (B) The event scatter plot of ΔI/I0 versus SD of events acquired with a mixture of lactulose, Lac, 
Mel, 2F-L, and L-F. Only events with a predictive score of ≥0.8 are shown in the plot (n = 1087). All the nanopore measurements were performed in a 1.5 M KCl buffer, and 
a +160-mV potential was continuously applied (Materials and Methods). Lactulose, Lac, Mel, 2F-L, and L-F were simultaneously added to the cis chamber. The final con-
centration of lactulose was 2 mM, and the final concentrations of Lac, Mel, 2F-L, and L-F were 5 mM. (C) t-SNE plot generated by dimension reduction of eight features 
(fig. S13) to visual 2D space for events in (B) (n = 1087). The events corresponding to lactulose, Lac, Mel, 2F-L, and L-F are well separated in the plot. (D) The matching de-
grees of the predictions for the results shown in (B). Matching degree threshold is set to 80%. Lactulose, Lac, Mel, 2F-L, and L-F, which report a matching degree ≥80% for 
the corresponding event distribution, are confirmed to be the correct prediction.
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were predicted by the bagged tree model and filtered using a predic-
tive score threshold of 0.8 (fig. S27), identifying Gal and Glc in the 
event scatter plot (Fig. 5B). Gal and Glc exhibited matching degrees 
of >80%, whereas other saccharides had matching degrees of <20% 
(Fig. 5E), confirming that manninotriose consists of Gal and Glc.

Similarly, ultrafiltrate of hydrolysis products of Raf and Sta were 
analyzed by MspA-90PBA (figs. S28 to S31), with the bagged tree 
model predicting events for Fru, Gal, and Glc (Fig. 5, C and D). 
Measured event distributions matched standard reference profiles 
for Fru, Gal, and Glc with matching degrees of >80% (Fig. 5, F and 
G), while other saccharides showed <40% matching degrees. Both 
Raf and Sta were determined to contain Fru, Gal, and Glc as 
monosaccharide components. To this end, the method’s versatility 
in identifying monosaccharide composites of oligosaccharide has 
been well confirmed.

To verify whether the monosaccharide results were influenced by 
potential side reactions or degradation during acid hydrolysis, a 

simulated sample, formulated to match the monosaccharide ratio of 
Raf (Gal:Glc:Fru = 1:1:1), was measured using MspA-90PBA. The 
predicted distributions of Gal, Glc, and Fru, as well as the final 
matching degree of the simulated sample, were consistent with 
the results obtained from the acid-hydrolyzed Raf (fig. S32). This 
suggests that potential side reactions or degradation caused by 
acid hydrolysis did not notably interfere with the identified mono-
saccharide information.

Oligosaccharide structure determination by MspA-90PBA
In principle, oligosaccharides can be partially hydrolyzed into sac-
charide fragments using specific glycosidases. Elucidating the entire 
oligosaccharide structure involves identifying and assembling frag-
ments containing characteristic glycosidic linkages. Here, Raf and 
Sta were used to demonstrate oligosaccharide structure determina-
tion via fragment assembly. Guided by their known base of mono-
saccharide compositions, glycosidases targeting Fru, Gal, and Glc 
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Fig. 5. Monosaccharide analysis by nanopore. (A) A flow diagram of nanopore monosaccharide analysis. Completely hydrolyzed by acid, the oligosaccharide would be 
transformed into monosaccharides (Materials and Methods). The hydrolysates are respectively measured by MspA-90PBA to produce corresponding nanopore events. By 
database searching (Fig. 4), the base of the monosaccharide composition can be identified. (B) The event scatter plot of ΔI/I0 versus SD of events acquired with the acid 
hydrolysate of manninotriose (n = 594). (C) The event scatter plot of ΔI/I0 versus SD of events acquired with the acid hydrolysate of Raf (n = 858). (D) The event scatter plot 
of ΔI/I0 versus SD of events acquired with the acid hydrolysate of Sta (n = 1140). The results in (B) to (D) were predicted by the bagged tree model (fig. S25). Only pre-
dicted event distributions with a matching degree of ≥80% are considered to be correct distributions and only events with a predictive score of ≥0.8 were shown. Other 
events were shown in figs. S27, S29, and S31. (E) The matching degree of the saccharides predicted from the acid hydrolysate of manninotriose (N = 3). Gal and Glc are 
recognized as the correct predictions. (F) The matching degree of the predicted saccharides of the acid hydrolysate of Raf (N = 3). Fru, Gal, and Glc are recognized as the 
correct predictions. (G) The matching degree of the predicted saccharides of the acid hydrolysate of Sta (N = 3). Fru, Gal, and Glc are recognized as the correct predictions. 
The nanopore measurements were performed as described in Materials and Methods in a 1.5 M KCl buffer, and a +160-mV potential was continually applied. Acid hydro-
lysate (manninotriose, 40 μl; Raf, 20 μl; Sta, and 20 μl) was added to the cis chamber.
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were selected for partial hydrolysis (Materials and Methods). Ex-
perimentally, 10 μl of the α-galactosidase–hydrolyzed Raf ultrafil-
trate was added to the cis chamber for MspA-90PBA measurements 
(fig.  S33). Events generated were analyzed using the pretrained 
bagged tree model, identifying Gal, Suc, and unhydrolyzed Raf 
(Fig. 6A and fig. S34). Matching degrees for Gal, Suc, and Raf all 
exceeded 80%, corroborating the identification (Fig. 6E). This result 
indicates partial hydrolysis of Raf into Gal and Suc fragments. The 
identified unhydrolyzed Raf suggests that the glycosidase hydrolysis 
was incomplete. However, these events were ignored and will not 
interfere with downstream fragment assembly operations.

Conversely, β-d-fructofuranosidase–hydrolyzed Raf ultrafiltrate 
(10 μl) yielded events identified as Fru and Mel via machine learn-
ing and matching degree screening (Fig. 6, B and F, and figs. S35 
and S36). No Raf clusters were detected, suggesting complete hy-
drolysis of Raf. In contrast, β-galactosidase–, α-glucosidase–, and 
β-glucosidase–treated Raf measurements only detected unhydro-
lyzed Raf (figs. S37 to S42), implying that these enzymes could 
not hydrolyze Raf, likely hindered by glycosidic bond orientation or 
nonterminal Glc residues.

For Sta, 10 μl of α-galactosidase–hydrolyzed Sta ultrafiltrate 
was analyzed by MspA-90PBA (fig. S43), with the bagged tree mod-
el identifying four major saccharides: Gal, Raf, Sta, and Suc (Fig. 6C). 
Matching degree evaluations confirmed these results (Fig. 6G and 
fig.  S44), indicating that Sta was hydrolyzed into Gal and Raf, 
with some Raf further degraded into Gal and Suc. Additionally, 
β-d-fructofuranosidase–hydrolyzed Sta ultrafiltrate (10 μl) yielded 
events predicted as Fru and manninotriose (Fig. 6D), supported by 
matching degree analysis (Fig. 6H and figs. S45 and S46), suggesting 
that β-d-fructofuranosidase cleaved Sta into Gal and manninotri-
ose. Similar to Raf, Sta remained unhydrolyzed by β-galactosidase, 
α-glucosidase, and β-glucosidase (figs. S47 to S52).

Collectively, these results indicate that hydrolysis of Raf yields 
Mel (Galα-6Glc) and Suc (Glcα-βFru) fragments. Structural recon-
struction assembled the Raf sequence as Galα-6Glcα-βFru (Fig. 6I). 
For Sta, hydrolysis produced Raf (Galα-6Glcα-βFru), Suc (Glcα-βFru), 
and manninotriose (Galα-6Galα-6Glc) fragments, enabling the 
full Sta sequence to be determined as Galα-6Galα-6Glcα-βFru via 
fragment assembly (Fig. 6J). Notably, the structural reconstruction 
of Raf (Fig. 6I) revealed the nanopore event features of Raf, which 
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Fig. 6. Nanopore structural determination of oligosaccharides. (A) Event scatter plot of ΔI/I0 versus SD for events acquired with the α-galactosidase hydrolysate of Raf 
(n = 1083). (B) Event scatter plot of ΔI/I0 versus SD for events acquired with the β-d-fructofuranosidase hydrolysate of Raf (n = 1379). (C) Event scatter plot of ΔI/I0 versus 
SD for events acquired with the α-galactosidase hydrolysate of Sta (n = 1160). (D) Event scatter plot of ΔI/I0 versus SD for events acquired with the β-d-fructofuranosidase 
hydrolysate of Sta (n = 1796). The results in (A) to (D) were analyzed using a bagged tree model (fig. S25). Only events with a matching degree of ≥80% and a predictive 
score of ≥0.8 are displayed. Additional events are presented in figs. S34, S36, S44, and S46. (E) Matching degrees for predicted saccharides in the α-galactosidase hydro-
lysate of Raf (N = 3), with Gal, Raf, and Suc identified as correct predictions. (F) Matching degrees for predicted saccharides in the β-d-fructofuranosidase hydrolysate of 
Raf (N = 3), with Fru and Mel identified as correct predictions. (G) Matching degrees for predicted saccharides in the α-galactosidase hydrolysate of Sta (N = 3), with Gal, 
Raf, Sta, and Suc identified as correct predictions. (H) Matching degrees for predicted saccharides in the β-d-fructofuranosidase hydrolysate of Sta (N = 3), with Fru and 
manninotriose identified as correct predictions. (I) Structure assembly of Raf from the identified fragments, according to which the sequence of Raf was determined to 
be Galα-6Glcα-βFru. (J) Structure assembly of Sta from the fragments, according to which the sequence of Sta was determined to be Galα-6Galα-6Glcα-βFru. Experimen-
tally, all nanopore measurements were conducted in 1.5 M KCl buffer with the samples added to cis chamber under a constant applied potential of +160 mV (Materials 
and Methods).
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were critical for determining Sta’s structure. Because Sta’s hydroly-
sate contains Raf, this newly acquired knowledge facilitated Sta’s 
structural elucidation. These findings demonstrate how database 
expansion enhances sensing capacity, enabling analysis of increas-
ingly complex oligosaccharides.

Compatibility with more complex oligosaccharides
Because branched and larger glycans play a central role in glycobiol-
ogy, the compatibility of MspA-90PBA and the saccharide database 
with more complex oligosaccharides is of great importance. Blood 
type tetrasaccharide A type 6 (A tetra 6) and blood type tetrasac-
charide B type 6 (B tetra 6) are branched structures derived from 
2F-L (Fig. 7A). In separate measurements, A tetra 6 (2 mM) and B 
tetra 6 (2 mM) were respectively introduced into the cis chamber for 
MspA-90PBA measurements. Despite their subtle structural differ-
ence, the scatter plots of A tetra 6 and B tetra 6 exhibit distinct dis-
tributions (N = 3) (Fig. 7, B and C, and figs. S53 and S54). These 
results demonstrate that MspA-90PBA is capable of discrimination 
of branched oligosaccharides with subtle structural variations. Ver-
bascose (Ver) is a pentasaccharide that contains one additional Gal 
compared to Sta (Fig. 7D). Ver (20 mM) was added to the cis cham-
ber for MspA-90PBA measurements (N = 3) (fig. S55). Ver produc-
es three distinct event clusters (Fig. 7E), which are highly different 
from those of Sta (fig. S23).

To quantitatively assess the resolution of branched and large oli-
gosaccharides, event data for A tetra 6 and B tetra 6 were incorporated 

into the saccharide database to support machine learning–based 
evaluation. With the inclusion of these three saccharides, the bagged 
tree model achieved an overall test accuracy of 94.1%, demonstrat-
ing no notable interference to the model performance (Fig. 7F). 
These results confirm the compatibility with and resolution of 
MspA-90PBA for branched and larger saccharides, thereby further 
supporting the development of a larger and more comprehensive 
saccharide database. To further demonstrate structure determina-
tion of more complex oligosaccharides, we applied the expanded 
database for Ver determination. Briefly, Ver was hydrolyzed by α-
galactosidase and β-d-fructofuranosidase. The generation of Sta, 
verbascotetraose, Raf, Suc, Gal, and Fru fragments has confirmed its 
hydrolysis, and the structure of Ver was determined as Galα-6Galα-
6Galα-6Glcα-βFru through fragment assembly (fig. S56).

Nanopore profiling of oligosaccharides by MspA-90PBA
As a database independent approach, the oligosaccharide can be hy-
drolyzed into smaller fragments and analyzed by MspA-90PBA to 
generate its unique structural profile (Fig. 8A), a mode termed 
structural profiling (Fig. 1). To demonstrate this approach, four 
model oligosaccharides, including Mal, manninotriose, 2F-L, and 
Ver, which differ in monosaccharide composition and molecular 
size, were used to generate structural profiles. Experimentally, Mal 
(80 mM), manninotriose (20 mM), 2F-L (80 mM), and Ver (20 mM) 
were each hydrolyzed with 0.5 M TFA at 80°C for 4 hours (see Ma-
terials and Methods). The ultrafiltered hydrolysate (40 μl) was added 
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Fig. 7. Nanopore identification of branched and larger oligosaccharides. (A) Structural relationship of branched A tetra 6, B tetra 6, and 2F-L. (B and C) Event scatter 
plot of ΔI/I0 versus SD of events acquired with A tetra 6 (n = 1663) and B tetra 6 (n = 1090). (D) Structural relationship of Ver and Sta. (E) Event scatter plot of ΔI/I0 versus 
SD of events acquired with Ver (n = 1443). (F) Confusion matrix generated by the enlarged bagged tree model using the testing set. A tetra 6, B tetra 6, and 2F-L are further 
added to the saccharide database. Eight hundred events of each saccharide were used for model training. Two hundred events of each saccharide were used for model 
testing. The testing accuracy is 94.1%. All nanopore measurements were performed in 1.5 M KCl buffer under a constant applied potential of +160 mV (Materials and 
Methods). The final concentrations of A tetra 6 and B tetra 6 were 2 mM. The final concentration of Ver was 20 mM.
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to the cis chamber for nanopore measurements. Each oligosaccha-
ride yielded distinct nanopore events with unique distributions on 
scatter plots (fig.  S57). Unclustered noise events were filtered out 
using the DBSCAN algorithm, and the remaining events were visu-
alized as kernel density plots (Fig. 8, B to E). Each oligosaccharide 
exhibited a distinct pattern in these plots, highlighting the specific-
ity of structural profiling.

The nanopore structural profiling mode for oligosaccharides op-
erates independently of a reference database. Even structurally similar 
oligosaccharides, those that might generate indistinguishable 
nanopore events when measured intact, can be uniquely identified 
through analysis of their hydrolyzed fragment mixtures, as the com-
bined event patterns provide more distinct structural signatures. While 
demonstrated here using acid hydrolysis, oligosaccharide structural 
profiling can also be achieved through enzymatic hydrolysis with 
individual or mixed glycosidases.

DISCUSSION
A hetero-octameric MspA nanopore integrated with a single PBA 
adapter (MspA-90PBA), exhibiting high discrimination capability 
toward diverse mono- and oligosaccharides, serves as a robust 
sensor for nanopore-based oligosaccharide direct identification, 
structural determination and profiling (fig. S58). A series of oli-
gosaccharide can be directly measured by MspA-90PBA and were 
used to construct a reference database. If the structure of the un-
hydrolyzed oligosaccharide can be covered by fragments in the data-
base, then the full structure can be determined via hydrolyzed 
fragment assembly, a mode termed structural determination. To 
demonstrate this workflow, we constructed a minimized reference da-
tabase containing 19 characterized saccharides. A database-searching 
algorithm was developed to identify saccharides in complex 
samples, enabling MspA-90PBA to characterize the base of the 
monosaccharide compositions and oligosaccharide fragments in 

hydrolysates (fig. S59). This approach successfully discriminated oli-
gosaccharides varying in monosaccharide types and chain lengths. 
As a proof of concept, we demonstrated fragment assembly and 
structural determination for Raf. Critically, newly acquired nano-
pore signatures of previously unknown oligosaccharides can 
be integrated into the reference database, expanding its capacity to 
analyze increasingly complex oligosaccharides, exemplified by using 
Raf ’s nanopore signature to determine the structure of Sta. While 
MspA-90PBA can identify many intact oligosaccharides via its di-
rect identification mode or fragmented oligosaccharides via its 
structural determination mode, oligosaccharides generating indis-
tinguishable event features or not covered by the database may 
require characterization through fragmentation and structural 
profiling which is free of database. To exemplify this, four model 
oligosaccharides were acid hydrolyzed and analyzed by MspA-
90PBA, yielding distinct nanopore event signatures correlated 
with their fragment mixtures, enabling straightforward identifi-
cation of the four oligosaccharides. Notably, structural profiling 
does not require prior knowledge of the nanopore signatures of 
hydrolyzed fragments.

The saccharide detection system based on MspA-90PBA exhibits 
exceptional resolution, generating distinct event signatures for iso-
mers and structurally similar compounds. To date, nanopore 
technologies have not yet established a systematic saccharide anal-
ysis framework comparable to MS glycomics. Compared with LC 
methods, which often require optimized separation conditions for 
different analytes, nanopores can discriminate diverse saccharides 
directly and simultaneously. Unlike common spectral techniques 
such as NMR and IR, nanopore offers a single-molecule resolution. 
Our nanopore method can fill a critical gap in the glycomics work-
flow. Nanopore glycan analysis offers a cost-effective, miniaturized, 
and portable platform, enabling direct and rapid analysis of complex 
mixtures with high resolution without the need for prior separa-
tion (table S7). Furthermore, it provides exceptional resolution for 
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Fig. 8. Nanopore oligosaccharide profiling. (A) Flow diagram of nanopore oligosaccharide profiling using MspA-90PBA. Oligosaccharides are first acid-hydrolyzed to 
generate saccharide fragments. To characterize structural differences between oligosaccharides, MspA-90PBA is applied to characterize these fragments, producing dis-
tinct nanopore events that discriminate between different structures. The resulting profiles, which originate from different parent oligosaccharides, are reflected in a 
kernel density plot of these events. (B to E) Nanopore profiles of Mal, manninotriose, 2F-L, and Ver. Oligosaccharides with different compositions and chain lengths yield 
distinct profiles as kernel density plots. Experimentally, these four oligosaccharides were each hydrolyzed with 0.5 M TFA for 4 hours. In separate measurements, 40 μl of 
each hydrolysate was added to the cis chamber to initiate the measurement. All nanopore measurements were performed in 1.5 M KCl buffer under a constant applied 
potential of +160 mV (Materials and Methods).
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isomer discrimination, making it highly valuable for distinguishing 
similar glycan structures. Although this technology is still in its 
early stages of development, its complementary nature with other 
analytical approaches and ongoing advancements underscore its 
great potential. In prospects, through the integration of nanopore 
arrays or reduction of measurement volume, it is envisioned that the 
measurement throughput and sensitivity can be notably improved. 
With a detection limit in the micromolar range, reducing the mea-
surement volume to the microliter scale can enhance the sensitivity 
to the picomolar to nanomolar level, which is comparable to that of 
LC/MS methods.

In addition, the nanopore platform compatibility of branched 
and large saccharides has been confirmed, which showed the poten-
tial of developing a larger and more comprehensive database. While 
the current database size is limited, largely due to the inaccessibility 
of diverse model oligosaccharides to academic groups like ours at 
this stage, the examples above robustly validate the concept of 
nanopore-based oligosaccharide characterization. For database 
expansion, commercially available, biologically derived, and chemi-
cally synthesized oligosaccharides can be measured using MspA-
90PBA, with the results subsequently updated into the database. 
When further combined with a panel of highly specific exoglycosi-
dases, a ladder of well-defined, sequential digestion products can 
also be generated. By analyzing each digestion product, we can sys-
tematically and efficiently populate the database with the nanopore 
signatures of a series of structurally related glycans, creating a 
hierarchically organized library. If feasible, we can integrate the 
nanopore glycan database with existing glycoinformatic resources, 
leveraging established enzymatic and bioinformatic tools. Annotat-
ing our reference saccharides and data with accession numbers or 
codes would enable direct cross-referencing with major community 
databases. We also envision that our current results could contribute 
to a community-maintained and continuously updated nanopore 
glycan database, seeded from the current database. With sufficient 
data accumulation and artificial intelligence integration, de novo 
sequencing of unknown glycans could eventually be achieved, par-
alleling advanced tandem MS strategies (27) but offering unique 
advantages, including structural isomer resolution, single-molecule 
sensitivity, label-free analysis, and portability.

MATERIALS AND METHODS
Materials
Pentane, hexadecane, tris(2-carboxyethyl) phosphine hydro-
chloride (TCEP), EDTA, Genapol X-80, ammonium persulfate, 
SDS, N,N,N′,N′-tetramethylethylenediamine, and 30% acrylamide/bis-
acrylamide solution were from Sigma-Aldrich (USA). 1,2-Diphytanoyl-
sn-glycero-3-phosphocholine (DPhPC) was from Avanti Polar 
Lipids (USA). Potassium chloride (KCl), sodium chloride (NaCl), 
sodium hydroxide, potassium hydroxide (KOH), Mops, dimethyl 
sulfoxide, sodium hydrogen phosphate (Na2HPO4), sodium acetate 
(CH3COONa), TFA, Coomassie brilliant blue R250, methanol, acetic 
acid, n-dodecyl-β-d-maltoside (DDM), d-(+)-Raf pentahydrate, 
d-(+)-Mel monohydrate, Sta hydrate, Mal hydrate, Ver, and α-
galactosidase (2000 U/g) were from Aladdin (China). Sodium dihy-
drogen phosphate (NaH2PO4) and potassium dihydrogen phosphate 
(KH2PO4) were from Sinopharm (China). Hepes, Suc, lactulose, 2F-
L, and α-glucosidase (50 U/mg) were from Macklin (China). Lac, 
manninotriose, β-glucosidase (12 U/mg), and β-galactosidase (110 U/

mg) were from Shanghai Yuanye Bio-Technology (China). G-G (6-
O-α-d-galactopyranosyl-d-galactopyranose) was from SHANGHAI 
ZZBIO Co. Ltd. Kes was from Meryer (China). Blood type A tetra 6 
and blood type B tetra 6 were from Wuhan GLYCOGENE Pharma-
ceutical Co. Ltd. (China). Lactosyl fructoside was from Glycarbo. 
β-d-Fructofuranosidase (invertase) (300 U/mg) was from Sigma-
Aldrich (USA). Dioxane-free isopropyl-β-d-thiogalactopyranoside 
(IPTG), ampicillin, imidazole, and tris (hydroxymethyl)aminometh-
ane (tris) were from Solarbio (China). SDS–polyacrylamide gel 
electrophoresis (PAGE) sample loading buffer and SDS-PAGE elec-
trophoresis buffer powder were from Beyotime (China). Precision 
Plus Protein Dual color Standards, TGX FastCastTM Acylamide Kit 
(4 to 15%), stacking gel buffer (0.5 M tris-HCl buffer, pH 6.8), and 
resolving gel buffer (1.5 M tris-HCl buffer, pH 8.8) were from Bio-
Rad (USA). Luria-Bertani (LB) broth and LB agar were from Hope-
bio (China). Escherichia coli BL21(DE3) pLysS competent cells and 
chloramphenicol were from Sangon Biotech (China). MPBA was 
from Santa Cruz Biotechnology (Shanghai, China).

KCl buffer [1.5 M; 1.5 M KCl and 100 mM Mops (pH 7.0)], 
lysis buffer [100 mM Na2HPO4/NaH2PO4, 0.1 mM EDTA, 150 mM 
NaCl, and 0.5% (v/v) Genapol X-80 (pH 6.5)], buffer A [0.5 M 
NaCl, 20 mM Hepes, 5 mM imidazole, and 0.5% (v/v) Genapol 
X-80 (pH 8.0)], and buffer B [0.5 M NaCl, 20 mM Hepes, 500 mM 
imidazole, and 0.5% (v/v) Genapol X-80 (pH 8.0)] were prepared 
with Milli-Q water and membrane (0.2 μm, Whatman, UK) fil-
tered before use.

Preparation of nanopore
The hetero-octameric MspA, which is also referred to as (N90C)1(M2)7, 
is composed of one monomer of N90C MspA-H6 and seven mono-
mers of M2 MspA-D16H6 (64, 65). To prepare for (N90C)1(M2)7, 
the genes respectively coding for N90C MspA-H6 and M2 MspA-
D16H6 were custom synthesized and simultaneously inserted in the 
same coexpression vector pETDuet-1. A hexahistidine tag (H6) was 
added to the C terminus of both genes to assist nickel affinity chro-
matography purification. Besides, a 16 aspartate tag (D16) was added 
to the C terminus of the M2 MspA gene to assist the separation of 
different pore assemblies during gel electrophoresis.

Experimentally, 100 ng of plasmid was added to 100 μl of E. coli 
BL21 (DE3) pLysS competent cells, and the mixture was incubated 
on ice for 30 min. After heat shock transformation at 42°C for 90 s, 
the mixture was incubated on ice for another 3 min. Then, 800 μl of 
LB medium was added to the mixture and cultured at 37°C and 
175 rpm for 50 min. Subsequently, the medium was spread onto an 
LB agar plate containing ampicillin (50 μg/ml) and chloramphenicol 
(34 μg/ml) and cultured at 37°C for 18 hours. Afterward, a single 
colony was taken and added to a 10 ml of LB broth containing am-
picillin (50 μg/ml) and chloramphenicol (34 μg/ml). The mixture 
was cultured at 37°C and 175 rpm until optical density at 600 nm 
(OD600) reached 0.6 to 0.8. The mixture was then added to 1 liter of 
LB broth containing ampicillin (50 μg/ml) and chloramphenicol 
(34 μg/ml). The mixture was shaken at 37°C and 175 rpm until 
OD600 reached 0.6 to 0.8. To induce protein expression, IPTG was 
then added to the medium with a final concentration of 0.1 mM. 
The medium was shaken at 16°C and 175 rpm for 24 hours. Last, 
the medium was centrifuged (4500 rpm, 20 min, 4°C) to collect the 
bacterial pellet.

The bacterial pellet was resuspended in a 160-ml lysis buffer [100 mM 
Na2HPO4/NaH2PO4, 0.1 mM EDTA, 150 mM NaCl, and 0.5% (v/v) 
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Genapol X-80 (pH 6.5)] and heated at 65°C for 50 min. After cool-
ing to room temperature, the suspension was centrifuged at 13,000 rpm 
for 1 hour at 4°C. Then, the supernatant was filtered by a 0.2-μm 
syringe filter (Pall, USA), and the filtrate was loaded to a HisTrap 
HP nickel affinity column (GE Healthcare, Sweden). The loaded 
column was first eluted with buffer A [0.5 M NaCl, 20 mM Hepes, 
5 mM imidazole, 2 mM TCEP, and 0.5% (v/v) Genapol X-80 
(pH 8.0)] until the ultraviolet absorbance readout was stabi-
lized. It was then eluted using a linear gradient of buffer B [0.5 M 
NaCl, 20 mM Hepes, 500 mM imidazole, 2 mM TCEP, and 0.5% 
(v/v) Genapol X-80 (pH 8.0)]. The elution fractions were collected 
and characterized by SDS-PAGE. The fractions corresponding to 
different assemblies of MspA were collected for further purification.

Purification of (N90C)1(M2)7 was performed on a 10% SDS-
PAGE. Electrophoresis was continually run for 16 hours with 
a +160-V applied voltage. The gel was then stained by Coomassie 
brilliant blue (1.25 g of Coomassie brilliant blue R250, 225 ml of 
methanol, 50 ml of acetic acid, and 225 ml of ultrapure water) for 
4 hours. Subsequently, it was decolorized by the destaining buffer 
(400 ml of methanol, 100 ml of glacial acetic acid, and 500 ml of 
ultrapure water). The protein band corresponding to (N90C)1(M2)7 was 
then excised from the gel and immersed in an extraction solution 
[150 mM NaCl, 15 mM tris-HCl (pH 7.5), 0.2% DDM, 0.5% 
Genapol X-80, 5 mM TCEP, and10 mM EDTA] for 12 hours. The 
mixture was centrifuged, and the supernatant, which contains (N90C)1 
(M2)7, was collected for future uses. The prepared (N90C)1(M2)7 was 
either immediately used or stored at −80°C for long-term storages.

To prepare MspA-90PBA, 1 μl of 500 mM MPBA, 2.5 μl of 
(N90C)1(M2)7, and 21.5 μl of 1.5 M KCl buffer were mixed and 
incubated at room temperature for 10 min. The prepared MspA-
90PBA was immediately used in nanopore measurements.

Nanopore measurements
To avoid interferences caused by environment noises, the measure-
ment device was fixed in a Faraday cage mounted on a floating opti-
cal table (Jiangxi Liansheng Technology Co. Ltd). The measurement 
device consists of two chambers separated by a Teflon film contain-
ing an orifice (~100-μm diameter). Before each measurement, the 
orifice was first treated with 2% (v/v) hexadecane in pentane. Both 
chambers were then filled with 500 μl of 1.5 M KCl buffer [1.5 M 
KCl and 100 mM Mops (pH 7.0)]. A pair of Ag/AgCl electrodes, 
which were electrically connected to a patch-clamp amplifier, were 
respectively placed in both chambers, in contact with the buffer. 
Conventionally, the chamber that is electrically grounded is defined 
as cis, and its opposing chamber is defined as trans. By adding a 
drop of DPhPC (5 mg/ml) in pentane to each chamber and pipet-
ting the buffer in either chamber up and down for several times, a 
lipid bilayer was spontaneously formed at the orifice. Then, nano-
pores were added to the cis chamber to trigger pore insertion. Upon 
single nanopore insertion, the buffer in cis was immediately ex-
changed with fresh buffer to avoid further nanopore insertions.

All nanopore measurements were carried out by single-channel 
recording with an Axopatch 200B patch-clamp amplifier coupled 
with a Digidata 1550B digitizer. The sampling rate is 25 kHz, and the 
acquired trace is further digitally low-pass filtered with a corner fre-
quency of 1 kHz. All measurements were performed in a 1.5 M KCl 
buffer with a continually applied +160-mV potential. If not other-
wise stated, all analytes were added to the cis chamber and mea-
sured for technical replicates.

Data analysis
All sensing events were detected by the “Single-Channel Search” 
function in Clampfit 10.7, and the “Ignore duration” was set to 10 ms. 
Raw Axon abf files were then imported into MATLAB R2021a using 
the “abfload” function downloaded from www.mathworks.com/mat-
labcentral/fileexchange/6190-abfload. The event start time (tstart) and 
event end time (tend) were from the result of Single-Channel Search. 
Each event was extracted from the current trace on the basis of the 
time stamp. The baseline current (I0) is calculated from the average of 
10 ms current before event start time and 10 ms current after event 
end time. The event current is defined as the current between tstart 
and tend, defined as blockage level. To avoid the impact of sudden cur-
rent changes at the beginning and end of the event on the current 
statistics, the 0.4-ms current at both the start and end of the event 
was ignored in the calculation. Ib is the average blockage level current. 
The mean blockage amplitude (ΔI) is the difference between I0 and Ib 
(ΔI = I0 − Ib). SD is the standard deviation of the blockage level. Time 
is the event dwell time (tend − tstart). The minimum (min), maximum 
(max), median (med), first quartile (Q1), and third quartile (Q3) 
of the blockage level are calculated. These statistics are then used to 
compute Δmin (I0 − min), Δmax (I0 − max), Δmedian (I0 − med), 
IQR (Q3 − Q1), and range (max − min). Eight event features, in-
cluding ΔI/I0, time, SD, Δmedian/I0, IQR/I0, Δmax/I0, Δmin/I0, and 
range/I0, were extracted subsequently. To remove noises appearing as 
nonclustering events, cluster analysis was performed by a DBSCAN 
algorithm. The dimensionality reduction was performed by the t-SNE 
algorithm using Seuclidean distance.

Database and machine learning
A saccharide pool containing 10 oligosaccharides (Suc, lactulose, 
Lac, Mel, G-G, Kes, Mal, L-F, 2F-L, and manninotriose; tables  S1 
and S2) and nine monosaccharides (62) (Glc, Man, Gal, GalNAc, 
Fru, Sor, Rha, Xyl, and Rib) is established. Events acquired with 
these saccharides were collected to build the saccharide database. 
For each saccharide, all events from three independent measure-
ments are recorded in the database. Machine learning was per-
formed by MATLAB R2021a. In the database, 1500 events acquired 
with each saccharide type were randomly selected for machine 
learning model building. To remove noise events, all events were 
cluster analysis treated by DBSCAN algorithm. After the treatment, 
for each saccharide type, 1000 events were randomly selected from 
the remained events. The selected data were randomly split into a 
training set (80%, 800 events of each saccharide) and a testing set 
(20%, 200 events of each saccharide), respectively, for model train-
ing and testing. Model training was performed with the training 
set using default models in the Classification Learner toolbox of 
MATLAB R2021a. Ten-fold cross-validation was used to evaluate 
the model performance. Among all models being tested, the bagged 
tree model reported the best performance, which is used for all pre-
dictions. The confusion matrix of testing set was used to show the 
accuracy of each saccharide.

The machine learning code, training data, and saccharide data-
base are publicly available on Figshare. Please follow the link: https://
doi.org/10.6084/m9.figshare.29539016.v2 for download.

The analysis of oligosaccharide events
All events acquired with the mixed oligosaccharides, unidentified 
oligosaccharides, and oligosaccharide hydrolysates are first cluster 
analyzed by DBSCAN and then predicted by the trained bagged tree 
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model. According to machine learning prediction, a predictive score 
is given to each event. Only events with predictive scores ≥0.8 are 
retained. Events predicted to be of the same class are classified as a 
distribution. Otherwise, this distribution is considered to be gener-
ated by an unidentified oligosaccharide and the events of which are 
thus not recorded in the database.

All retained events were then separately grouped to different 
scatter plots according to their prediction classes. For each class 
of events, their event frequency distribution on the dimensions of 
ΔI/I0 versus SD, which is in the form of a 2D histogram, is generated 
as described in fig. S14. ΔI/I0 between 0 and 0.6 is divided into 
200 bins (0.003 per bins), and SD between 0 and 100 pA is divided 
into 200 bins (0.5 pA per bins). The event counts in each bin are 
normalized to event frequency. The event distribution is then com-
pared with the standard event distribution of its predicted class, 
which is generated from the training set recorded in the database. 
By overlapping the histograms of the measured distribution and the 
standard event distribution in the database, a matching degree value 
is generated (fig. S15). The overlapping principle is, if the bin in the 
standard distribution and the same bin in the measured distribution 
are nonzero, then the bin in the standard distribution is specified to 
be overlapped. The matching degree equals to the sum of standard 
frequency in all overlapped bins. Only distributions that show 
a ≥80% matching degree with the event distribution generated by 
corresponding standard events in the database are considered the 
correct distributions (fig. S15).

Acid hydrolysis of oligosaccharides
To paritially hydrolyze the oligosaccharides, Mal (80 μmol), man-
ninotriose (20 μmol), 2F-L (80 μmol), and Ver (20 μmol) were re-
spectively added to 1 ml of 0.5 M TFA and incubated at 80°C for 
4 hours. To completely hydrolyze the oligosaccharides into mono-
saccharides, manninotriose (80 μmol), Raf (80 μmol), and Sta 
(80 μmol) were respectively added to 1 ml of 0.5 M TFA and incu-
bated at 80°C for 12 hours. The pH of the samples was adjusted to 
7.0 by KOH titration. The samples were then ultrafiltration treated 
(3 kDa, 6000 rpm, 1 hour), and the filtrate was collected.

Enzymatic hydrolysis of oligosaccharides
Raf, Sta, and Ver were enzymatically hydrolyzed at different condi-
tions, as described below:

1) Raf (300 μmol) and Sta (300 μmol) were respectively added to 
1 ml of pH 5.0 (100 mM CH3COONa) buffer dissolved with β-d-
fructofuranosidase (300 U) and incubated at 55°C for 1 hour.

2) Raf (300 μmol) and Sta (300 μmol) were respectively added 
to 1  ml of pH 7.0 (100 mM NaH2PO4) buffer dissolved with α-
glucosidase (50 U) and incubated at 37°C for 1 hour.

3) Raf (50 μmol) and Sta (50 μmol) were respectively added to 
1 ml of pH 5.0 (100 mM CH3COONa) buffer dissolved with β-
glucosidase (10 U) and incubated at 37°C for 1 hour.

4) Raf (90 μmol) and Sta (90 μmol) were respectively added to 
300 μl of pH 6.5 (100 mM KH2PO4) buffer dissolved with α-
galactosidase (2 U) and incubated at 25°C for 2 hours.

5) Raf (50 μmol) and Sta (50 μmol) were respectively added to 
1 ml of pH 5.0 (100 mM CH3COONa) buffer dissolved with β-
galactosidase (10 U) and incubated at 37°C for 1 hour.

6) Ver (75 mM) was added to 200 μl of pH 6.5 (100 mM 
KH2PO4) buffer dissolved with α-galactosidase (0.4 U) and incu-
bated at 25°C for 2 hours.

7) Ver (75 mM) was added to 200 μl of pH 5.0 (100 mM 
CH3COONa) buffer dissolved with β-d-fructofuranosidase (60 U) 
and incubated at 55°C for 1 hour.

To remove enzymes, all hydrolysis products were ultrafiltered 
(3 kDa, 6000 rpm, 1 hour), and the filtrates were collected.
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