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the previous investigations of the coordination interaction
between vitamin Bs and metal ions,50 it is speculated that this
nickel ion-bound MspA nanopore, also referred to as MspA-
NTA-Ni, may also be applied in vitamin B sensing. The high
resolution offered by the overall conical lumen geometry of
MspA may also enable the simultaneous sensing of different
types of vitamin Bs. Though nanopore sensing of a single type
of vitamin B has been previously demonstrated,51,52 the same
nanopore that enables the simultaneous identification of
multiple types of vitamin Bs has never been previously
reported.

Nanopore sensing of vitamin Bs is carried out using MspA-
NTA-Ni36 (Figure S1). Four representative types of vitamin
Bs, including vitamins B1, B3, B5, and B6, are selected as
model analytes. As previously reported, all of these compounds
have a capacity to coordinate with a Ni2+ ion,53−58 indicating
their suitability for MspA-NTA-Ni.

Vitamin B1, also referred to as thiamine (T), is expected to
bind the NTA-Ni adapter to form a coordination complex
(Figure 1a), with the N (1′) atom of the pyrimidine moiety
coordinated to the Ni2+53 (Figure 1b). The measurement was
carried out using MspA-NTA-Ni in 1.5 M KCl, 100 mM
MOPS, pH 7.0 buffer (Methods). Vitamin B1 was added to
the cis chamber at a final concentration of 40 mM. A +100 mV
voltage was continually applied. Immediately after vitamin B1
addition, the successive appearance of events with consistent
event features was observed (Figure 1c). Specifically, events of
vitamin B1 appear as short-residing events lasting a few
milliseconds with a highly consistent blockage amplitude
(Figure 1c). The same measurement was also carried out with

an octameric M2 MspA. As expected, no binding events were
observed with M2 MspA (Figure S2), confirming that the
immobilized Ni2+ at the pore constriction is critical for the
generation of vitamin B events.

To quantitatively describe all events, event parameters such
as the open pore current (I0), the blockage level (Ib), the
percentage blockage of events (%Ib = (Ib − I0)/I0), the event
dwell time (tof f), the interevent interval (ton), and the standard
deviation of the event noise (SD) are defined in Figure S3. By
the appearance of a single cluster of events in the
corresponding event scatter plot of SD versus %Ib, it is
confirmed that only a single type of event is observed with
vitamin B1 (Figure 1d), which is also confirmed by the results
of three independent measurements (Figure S4). Quantita-
tively, the reciprocal of the mean ton (1/τon) is proportional to
the concentration of vitamin B1, which agrees with the
bimolecular model. However, the reciprocal of the mean tof f
(1/τof f) remains constant, which is consistent with the single-
molecule dissociation mechanism (Figure S5 and Table S1).

The limit of detection (LOD) in this paper is defined as the
minimum concentration of the analyte required to detect at
least 5 binding events within 10 min of continuous
measurement. Although a relatively high concentration of
vitamin B1 was applied for more efficient data acquisition, the
LOD of vitamin B1 can reach a micromolar level, as shown in
Table S2.

The sensing capacity of MspA-NTA-Ni is further expanded
to the sensing of vitamins B3, B5, and B6. In nature, vitamin
B3 contains two vitamers, namely, nicotinic acid (NA) and
nicotinamide (NAM).23 Vitamin B6 consists of three vitamers,

Figure 1. Identification of vitamin B1 by MspA-NTA-Ni. (a) The schematic diagram of vitamin B1 identification obtained by MspA-NTA-Ni.
MspA-NTA-Ni is a hetero-octameric MspA modified with a NTA-Ni adapter at its pore constriction. Details of the NTA-Ni adapter are shown in
Figure S1. Vitamin B1, also known as thiamine (T), can reversibly bind to and dissociate from the NTA-Ni adapter, generating nanopore events.
(b) The mechanism of vitamin B1 identification. The pyrimidine moiety of vitamin B1 offers a coordination site to the bound Ni2+ of the NTA-Ni
adapter. (c) A representative trace acquired using MspA-NTA-Ni with vitamin B1 as the sole analyte. The open pore current (I0) of MspA-NTA-Ni
is marked with a dashed line. Vitamin B1 events are annotated with black dots above the trace. A representative vitamin B1 event is demonstrated
to the right of the trace. The measurement was carried out in a 1.5 M KCl, 100 mM MOPS, pH 7.0 buffer, as described in Methods. Vitamin B1
was added to the cis chamber at a final concentration of 40 mM. A +100 mV voltage was continually applied. (d) The event scatter plot of SD
versus %Ib of results acquired with vitamin B1. 200 events were collected to generate the plot.
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including pyridoxal (PL), pyridoxine (PN), and pyridoxamine
(PM).24 Vitamin B5, also known as pantothenic acid (PA), is
naturally present in only one form59 (Figure 2a). The natural
forms of these members were separately tested.

All measurements were carried out identically to that
demonstrated with vitamin B1 (Figure 1). In separate
measurements, each type of vitamin B was separately added
to the cis chamber at a final concentration of 1 mM (NA and
NAM), 10 mM (PN and PM), 40 mM (PL), or 80 mM (PA).
According to relevant results, each type of vitamin B reports a
single event (Figure 2a). To show more details of the sensing,
representative traces acquired with these vitamin Bs are also
demonstrated in Figures S6 and S7. Sensing of these vitamin
Bs was also performed with octameric M2 MspA (Figure S8).
All above-mentioned vitamin Bs, except for PN, fail to report
any events, though some events were observed with PN when
measured by M2 MspA. These events, which fail to report
consistent event features, might originate from nonspecific
interactions between the pore and PN, again confirming the
critical role of the NTA-Ni adapter for event generation.

According to results in the event scatter plot of SD versus %
Ib of events acquired with vitamin B3, two isolated populations
are clearly observed, corresponding to NA and NAM,
respectively, which are two natural forms of vitamin B3
(Figure 2b). The event appearance and dwell time of NA and
NAM are similar, indicating a similar coordination mechanism,
with the pyridine nitrogen binding to the Ni2+ ion54,55 (Figure
S9).

By taking NA as a demonstrative example, the mean capture
efficiency (1/τon) remains constant despite the voltage change
(Figure S10). Besides, vitamin B events are also observed even
at an extremely low applied potential, such as +1 mV (Figure
S11). These phenomena indicate that the event generation is
diffusion-driven, differing from that demonstrated during
nanopore nucleic acid sensing, which requires analyte trans-
location.60

For vitamin B5, the event scatter plot of SD versus %Ib
reports a single population of events (Figure 2c). Here, it is
hypothesized that PA may coordinate with Ni2+ via the
carboxylate oxygen atom (Figure S12), according to the
previous study of the mechanism between transition-metal ions

Figure 2. Nanopore identification of vitamins B3, B5, and B6. (a) The chemical structures of vitamin Bs and their corresponding events. Top: The
chemical structures of different vitamin Bs. Nicotinic acid (NA) and nicotinamide (NAM) are two types of vitamin B3. Pantothenic acid (PA) is
vitamin B5. Pyridoxal (PL), pyridoxine (PN), and pyridoxamine (PM) are collectively called vitamin B6. Bottom: Representative events generated
by corresponding vitamin Bs. The open pore current (I0) of MspA-NTA-Ni is marked with a dashed line. Each vitamin B reports a single type of
event. The measurements were carried out in a 1.5 M KCl, 100 mM MOPS, pH 7.0 buffer, as described in Methods. Each vitamin B was separately
added to cis with a final concentration of 1 mM (NA and NAM), 10 mM (PN and PM), 40 mM (PL), or 80 mM (PA). A +100 mV voltage was
continually applied. (b) The event scatter plot of SD versus %Ib of events acquired with vitamin B3, according to which NA and NAM are clearly
distinguished. (c) The event scatter plot of SD versus %Ib of events acquired with vitamin B5. (d) The event scatter plot of SD versus %Ib of events
acquired with vitamin B6. PL, PN, and PM show distinct event distributions. For each type of vitamin B, 200 events were collected to generate the
scatter plots in (b), (c), and (d).
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and vitamin B5.56 Events of vitamin B6 clearly show three
distinct event populations in the scatter plot, respectively
corresponding to the binding of PL, PN, and PM, which are
three vitamers of vitamin B6 (Figure 2d). By the demon-
stration of details of corresponding events, the event features of
PL, PN, and PM significantly differ from each other (Figure
S13a). Specifically, events of PL are positive-going (Ib > I0)

while that of PN and PM are negative-going (Ib < I0) (Figure
2d). Events of PM report unique level fluctuations that could
be generated by spontaneous switching between multiple
analyte configurations. These distinct event features are
extremely useful in the identification of a specific analyte.
Further investigation of the exact molecular configuration of

Figure 3. Discrimination of vitamins B1, B3, B5, and B6 by machine learning. Mainstream models in the Classification Learner toolbox of
MATLAB were employed to evaluate the classification performance of a total of seven vitamin Bs, according to which the linear SVM model has
reported the best accuracy and was thus selected for all subsequent uses. (a) The confusion matrix generated by the trained linear SVM model.
Most vitamin B classes report 100% accuracy. The general accuracy of all seven vitamin B classes was 99.9%. The true positive rate (TPR) and the
false negative rate (FNR) are demonstrated to the right. (b) The event scatter plot of SD versus %Ib of results acquired by the simultaneous sensing
of seven vitamin Bs. The events in the box are further zoomed in and displayed on the right. The measurement was carried out using MspA-NTA-
Ni in a 1.5 M KCl, 100 mM MOPS, pH 7.0 buffer (Methods). All seven vitamin Bs were simultaneously added to the cis chamber. The final
concentration of both NA and NAM was 0.4 mM, that of PN and PM was 10 mM, that of T and PL was 40 mM, and that of PA was 80 mM. A
+100 mV voltage was continually applied. All nanopore events were identified by the trained linear SVM model and labeled accordingly. A total of
2379 events are included in the scatter plot. All seven vitamin Bs can be clearly distinguished. (c) A representative trace generated by the
simultaneous sensing of seven vitamin Bs. All events were identified by the trained linear SVM model and labeled on the trace. Short-residing
events are further zoomed in and demonstrated in the box below.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.4c03329
Nano Lett. 2024, 24, 11944−11953

11947

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03329/suppl_file/nl4c03329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03329/suppl_file/nl4c03329_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03329?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03329?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03329?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03329/suppl_file/nl4c03329_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03329?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c03329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


PM in the pore may be carried out using molecular dynamics
(MD) simulations.

As previously reported, the compounds of vitamin B6 may
act either as a monodentate or bidentate ligand to bind the
metal ions.57 Specifically, when acting as a monodentate ligand,
vitamin B6 may coordinate with the metal ions via the
heterocyclic nitrogen or the phenolic oxygen. When acting as
bidentate ligands, they usually chelate the metal ions via the
phenolic oxygen and the nitrogen or oxygen at one of the
adjacent group in the 4 position.58 According to relevant

results, it is discovered that the mean dwell time (τof f) of events
of PL and PN is short-residing (∼10 ms). However, that of PM
is significantly longer, measuring ∼5000 ms (Figure S13b),
suggesting a much more stable binding configuration of PM
with NTA-Ni. It is thus speculated that PL and PN act as
monodentate ligands while PM acts as a bidentate ligand when
bound to the NTA-Ni adapter. The suggested mechanisms of
vitamin B6 sensing are shown in Figure S13c. The results of
three independent measurements for each vitamin B are also
demonstrated in Figures S14 and S15. The LODs of all above-

Figure 4. Rapid analysis of vitamin B in cosmetic products. (a−c) Cosmetics containing 5% NAM (a), 10% NAM (b), and 20% NAM (c) were
chosen as representative samples for analysis. Left: Cosmetics containing NAM at different doses. Right: Representative traces acquired with
corresponding cosmetics. All measurements were carried out using MspA-NTA-Ni in a 1.5 M KCl, 100 mM MOPS, pH 7.0 buffer (Methods).
Each sample was directly added to the cis chamber with a volume of 2.5 μL. A +100 mV voltage was continually applied. NAM events were
automatically identified by the trained One-Class SVM model (Figure S18) and labeled accordingly. (d−f) The event scatter plots of SD versus %Ib
generated by results acquired with corresponding cosmetics in (a−c). 440 events (d), 1070 events (e), and 1600 events (f) are respectively
demonstrated in each scatter plot. (g) Quantitative standard curve of NAM. The quantitative standard curve was generated by plotting 1/τon values
versus the concentrations of standard NAM samples (Figure S19, Table S5). The curve could be well fitted to the equation y = (5.658 × 10−4)x −
1.779 × 10−4, and a correlation coefficient (R2) of 0.999 is reported. (h) The comparison of NAM composition in different cosmetics. The
measured value and the indicated value demonstrate a high consistency with each other. Error bars represent the means and standard deviations
derived from the results of three independent trials. The measured values are 5.8 ± 1.1 (%), 11.6 ± 1.3 (%), and 18.5 ± 1.0 (%), respectively, and
are highly consistent with the indicated values.
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mentioned vitamin Bs are listed in Table S2. Though not
demonstrated here, further boosting of the measurement
sensitivity may be achieved by minimizing the chamber size,
sample enrichment, and the use of nanopore arrays.

Natural samples such as food, nutrition, and bodily fluids
may simultaneously contain a variety of vitamin Bs.29,61 Their
interconversion may also occur in living organisms as well.62

To automatically identify different types of vitamin Bs, a
custom machine learning algorithm is established based on
event features previously acquired with different vitamin B
compounds (Methods). The machine learning workflow
includes data collection, feature extraction, and model training
(Figure S16). First, nanopore events respectively acquired with
seven types of vitamin Bs were collected to form the training
data set. 500 events acquired from each type of vitamin B were
fed to the training data set. To guarantee the data generality,
500 events were randomly selected from results of three

independent measurements. Each event has a known label
because they were separately acquired with a known analyte.

Second, two event parameters, including %Ib and SD, were
extracted from each event to form a feature matrix (Table S3).
The two parameters clearly reflect the characterization of
events and are sufficient for discrimination between different
vitamin Bs. Third, the data in the matrix was applied to model
training and testing by various models in the Classification
Learner toolbox of MATLAB. To avoid overfitting of the
model, a 10-fold cross-validation was employed for model
evaluation. Mainstream models, including decision trees,
discriminant analysis, naive Bayes, support vector machine
(SVM), K nearest neighbor (KNN), ensemble, and neural
network, were evaluated. According to the reported validation
accuracy, the linear SVM model has reported the highest
validation accuracy (99.9%) and the lowest total misclassifica-
tion cost (2) (Table S4). It is thus selected as the model for all

Figure 5. Rapid analysis of vitamin Bs in milk and yolk. (a) A workflow of nanopore milk and yolk analysis. Prior to the measurement, milk and
yolk were ultracentrifuge filtered to collect the filtrate. The filtrate was added to the cis chamber with a volume of 100 or 40 μL. The nanopore
events were acquired and further analyzed (Figures S23 and S27). (b, c) Representative vitamin B events acquired with milk (b) and yolk (c).
Vitamin B events were automatically identified by the trained linear SVM model and labeled accordingly (Methods). PA, PL, and PN are observed
in milk. NAM, PA, PL, and PN are identified in yolk. (d, e) The event scatter plots of SD versus %Ib of vitamin B events acquired with milk (d) and
yolk (e). The vitamin B events were predicted by the trained linear SVM model (Figure 3) and labeled accordingly. The proportion of events from
corresponding scatter plot data was produced and displayed to the right of each scatter plot. Error bars represent the means and standard deviations
derived from the results of three independent trials (Figures S25 and S29). The event proportions of PA, PL, and PN in milk are 0.062 ± 0.011,
0.139 ± 0.038, and 0.017 ± 0.002, respectively. The event proportions of NAM, PA, PL, and PN in yolk are 0.004 ± 0.002, 0.045 ± 0.020, 0.069 ±
0.056, and 0.020 ± 0.006, respectively.
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further prediction tasks. The confusion matrix results based on
the linear SVM model are shown in Figure 3a, in which most
vitamin Bs report a validation accuracy of 100%, suggesting a
high performance of event discrimination.

The trained linear SVM model was further applied to predict
events with unknown identities during the simultaneous
sensing of multiple types of vitamin Bs. During single-channel
recording using MspA-NTA-Ni, seven types of vitamin Bs were
simultaneously added to the cis chamber. The final
concentration of NA and NAM was 0.4 mM, that of PN and
PM was 10 mM, that of T and PL was 40 mM, and that of PA
was 80 mM. The event scatter plot of SD versus %Ib of results
acquired during simultaneous vitamin B sensing is demon-
strated in Figure 3b. All nanopore events were extracted from a
30 min continuously recorded trace. All events were automati-
cally identified by the previously trained linear SVM model.
Events corresponding to different vitamin Bs are respectively
color coded according to the results of prediction by machine
learning. A representative trace recorded during the simulta-
neous sensing of seven types of vitamin Bs is shown in Figure
3c and Movie S1. The event identities were predicted by
machine learning and labeled.

As essential but nonendogenous nutrients, vitamin Bs are
widely used as supplements in healthcare and pharmaceutical
products.63 Vitamin B3, the most stable water-soluble
vitamin,64 is prescribed to treat pellagra and skin cancer.65

Vitamin B3, which is useful for antiaging and skin whitening, is
also widely used in cosmetics.66,67 Technically, NAM, an active
form of vitamin B3, is applied as the ingredient in
commercially available cosmetics for skin whitening.68 NAM
is used in cosmetics in different doses, ranging from 2 to 20%
(w/w).69 However, a simple and rapid tool for NAM
quantification has not yet been developed for the quality
control of relevant healthcare products.

To demonstrate the feasibility of vitamin B quantification
and the measurement of vitamin B in a real-world sample using
nanopores, three cosmetic samples containing NAM at doses
of 5, 10, and 20% were tested (Figure S17). These cosmetic
samples are commercially available and were purchased from
the local cosmetic store for the test.

Experimentally, in separate single-channel measurements,
with a single MspA-NTA-Ni inserted, each sample was directly
added to the cis chamber with a volume of 2.5 μL. However,
no sample treatment is required. All corresponding traces are
demonstrated in Figure 4a−c, from which NAM events are
clearly observed, appearing as positive-going events. Some
other events of clearly different event features are also
observed. These events may be from other additives in the
cosmetics that also interact with the NTA-Ni adapter,
suggesting that this technique may be suitable for a wider
variety of compounds in the cosmetics besides vitamin Bs.
However, specifically in this study, to avoid interference caused
by these events, they are computationally removed by a custom
outlier detection algorithm. One-Class SVM, a widely used
anomaly detection algorithm, was employed for this task
(Methods). Based on event features acquired with standard
NAM, a One-Class SVM algorithm model was established and
further used to predict events for commercial NAM cosmetics
(Figure S18). With the algorithm, events generated by NAM
were identified and marked on the traces with blue dots
(Figure 4a−c). For each sensing condition, all events acquired
within a 5 min continuous recording were extracted. All events
that fail to have consistent event features of NAM are

considered to be “Others”, which are all labeled with gray dots
on corresponding events. All corresponding event scatter plots
of SD versus %Ib are shown in Figure 4d−f. To quantify NAM,
a calibration curve was generated using the known
concentrations of standard NAM samples to correlate with
the acquired 1/τon values (Methods, Figure S19, and Table
S5). The derived calibration curve of 1/τon (y) versus the NAM
concentration (x) is y = (5.658 × 10−4)x − 1.779 × 10−4, and
the correlation coefficient (R2) is 0.999 (Figure 4g).

To show the generality of sensing, for each condition, three
independent measurements were carried out, and the
corresponding 1/τon values of NAM events were derived
(Figures S20−S22, Table S6). According to the results, a high
consistency is reported, demonstrating the validity of the
generated calibration curve for NAM quantification. According
to the derived quantification results, the NAM concentration in
the cosmetics is expressed as a mass fraction in percentage
(Methods). The measured values are 5.8 ± 1.1 (%), 11.6 ± 1.3
(%), and 18.5 ± 1.0 (%), respectively (Figure 4h). These
values are highly consistent with the marked values of each
product, which are 5, 10, and 20%, respectively. To this end, it
is well demonstrated that MspA-NTA-Ni could be used in the
rapid and quantitative analysis of vitamin Bs in a complex real-
world sample.

Natural foods, such as milk,70 eggs,71 and vegetables,72 are
rich in vitamin Bs. To demonstrate the feasibility of this
technique in the analysis of natural food, milk and yolk were
measured with MspA-NTA-Ni (Figure 5).

Prior to the measurement, milk and yolk were ultra-
centrifuge treated to collect the filtrate. In separate measure-
ments, the filtrate was directly added to cis with a volume of
100 or 40 μL. Corresponding nanopore events were acquired
and further analyzed (Figure 5a, Figures S23 and S27).
Interference events were removed by outlier analysis
(Methods, Figures S24 and S28). All vitamin B events were
identified by the trained linear SVM model (Figure 3) and
labeled accordingly. Representative vitamin B events are
demonstrated in Figure 5b,c, from which PA, PL, and PN
are observed in milk, while NAM, PA, PL, and PN are
identified in yolk. The event scatter plots of SD versus %Ib of
vitamin B events acquired with milk and yolk are also shown in
Figure 5d,e. The proportion of vitamin B events was
demonstrated to the right of each scatter plot. The results of
three independent trials are also shown in Figures S25 and S29.
To show more details of sensing, representative traces acquired
with milk and yolk are also demonstrated in Figures S26 and
S30.

MspA-NTA-Ni is applied to the simultaneous sensing of
vitamin Bs. Seven types of vitamin Bs, including vitamin B1
(T), vitamin B3 (NA and NAM), vitamin B5 (PA), and
vitamin B6 (PL, PN, and PM) are fully discriminated. The
unique event features of different vitamin Bs are used to
establish the corresponding machine learning algorithm,
according to which an accuracy score of 99.9% is reported.
Assisted by machine learning, a sample containing a mixture of
different vitamin Bs can thus be analyzed with a high accuracy.
This sensing strategy was further applied in the quality control
(QC) of commercial NAM cosmetics and food analysis,
suggesting its potential uses in food and drug administration.
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(2) Hrubsǎ, M.; Siatka, T.; Nejmanová, I.; Voprsǎlová, M.;
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