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Nanopore Identification of Nicotinamide Adenine
Nucleotide and Its Derivatives

Wendong Jia, Jialu Chen, Lang Yao, Panke Zhang, and Shuo Huang*

Nicotinamide adenine dinucleotide (NAD), existing primarily in two in-
terconvertible forms: oxidized nicotinamide adenine dinucleotide (NAD+) and
reduced nicotinamide adenine dinucleotide (NADH), is an essential coenzyme
in cellular energy metabolism and redox reactions. NAD related derivatives,
such as oxidized nicotinamide adenine dinucleotide phosphate (NADP+),
reduced nicotinamide adenine dinucleotide phosphate (NADPH), nicotinic
acid adenine dinucleotide (NAAD), nicotinic acid mononucleotide (NAMN),
nicotinamide mononucleotide (NMN), and nicotinamide riboside (NR),
are involved in the biosynthesis, metabolism, and salvage pathways of NAD+.
Their significance in cellular metabolism evaluation and disease diagnosis has
led to an urgent need for the detection. Here, an engineeredMycobacterium
smegmatis porin A (MspA) nanopore sensor, which is capable of rapidly and
simultaneously identifying NAD+ and a variety of its derivatives, is developed.
With the aid of a customized machine learning algorithm, a 99.9% accuracy is
achieved. Additionally, this sensor is applied to investigate the catalytic process
of glucose-6-phosphate dehydrogenase (G-6-PD) by real-time monitoring
of the dynamic transformations of NAD+ to NADH and NADP+ to NADPH,
providing a single-molecule tool for the diagnosis of G-6-PD-related disorders.

1. Introduction

Nicotinamide adenine dinucleotide (NAD) serves as a fundamen-
tal coenzyme in cellular energymetabolism and redox homeosta-
sis. It primarily exists in two interconvertible forms: the oxidized
form NAD+ and the reduced form NADH.[1] The dynamic equi-
librium between NAD+ and NADH is maintained through redox
reactions, such as during glycolysis where NAD+ accepts elec-
trons and protons to form NADH, which is subsequently oxi-
dized back to NAD+ in the mitochondrial respiratory chain.[2]

This redox cycle underpins energy transduction and metabolite
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transformation in biological systems.[3] The
NAD+/NADH ratio acts as a key biomarker
of cellular redox status. It remains rel-
atively stable under physiological condi-
tions but could shift during stress or hy-
poxia, thereby modulating metabolic path-
ways and signaling cascades.[4] Quantifica-
tion of NAD+ and NADH is critical for as-
sessing cellular metabolic phenotypes, of-
fering valuable insights into early diagno-
sis and disease progression of cardiovas-
cular and neurodegenerative diseases.[5–7]

The phosphorylation of NAD+ by ki-
nases generates oxidized nicotinamide
adenine dinucleotide phosphate (NADP+),
which functions as a hydride carrier in
biosynthetic processes such as photosyn-
thesis and aberrant metabolic pathways
associated with pathological states.[8] Ad-
ditionally, nicotinic acid mononucleotide
(NAMN) and nicotinic acid adenine din-
ucleotide (NAAD) represent essential
intermediates in NAD+ biosynthesis.[2,4]

Analysis of these metabolites enables
detailed characterization of NAD+

synthetic capacity and identification of novel regulatory mech-
anisms. Meanwhile, nicotinamide mononucleotide (NMN) and
nicotinamide riboside (NR) have emerged as dietary supple-
ments capable of augmenting NAD+ levels in vivo.[9,10] Monitor-
ing these compounds is crucial for evaluating the efficacy and
safety of nutraceutical and pharmaceutical interventions.
Numerous analytical approaches have been developed for

the analysis of NAD+ and NADH, including fluorescent
probes,[11–13] genetically encoded biosensors,[14–17] and electro-
chemical platforms.[18–20] However, fluorescence-based methods
often require intricate molecular engineering to achieve speci-
ficity, while electrochemical sensors necessitate electrode modi-
fication due to NADH’s inherently high oxidation potential, lead-
ing to cumbersome fabrication processes. Notably, cross-analyte
detection within the NAD+ metabolome using these platforms
remains underexplored. Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) has also been employed for metabo-
lite profiling,[21] but this technique demands sophisticated sam-
ple preparation, costly instrumentation and lacks portability. Sig-
nificantly, thesemethods typically provide ensemble-averaged re-
sults. Therefore, the development of single-molecule tools en-
abling simultaneous detection of NAD+ and its derivatives is of
paramount importance for unraveling complex biological pro-
cesses and addressing clinical diagnostic needs.
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Biological nanopores represent an emerging class of single-
molecule sensors that have been extensively applied in single-
molecule nucleic acid sequencing.[22] Besides sequencing, they
were utilized for the sensing of amino acids,[23–25] peptides[26,27]

and proteins.[28,29] They are also regarded as a promising platform
for single-molecule protein sequencing in future prospects.[30]

Mycobacterium smegmatis porin A (MspA), an octameric porin
with a conical lumen geometry, demonstrates an exceptional
resolution and is the first nanopore which achieved DNA
sequencing.[31] When properly engineered, the MspA nanopore
can be endowed with a unique reactive site and transformed
into a small-molecule sensor. This sensor is capable of com-
pletely differentiating small-molecule analytes that exhibit sub-
tle differences, such as sugars,[32,33] sugar alcohols,[34] and
nucleotides.[35,36] This high resolution of this nanopore should
in principle allow for the direct identification of NAD+ and
its related derivatives. Inspired by the reversible interaction
between phenylboronic acid (PBA) and the ribose moiety,[37]

which is a common feature in the molecular structures of
NAD+ and its related derivatives, it is hypothesized that the
MspA nanopore integrated with a PBA adapter, also referred
to as MspA-90PBA,[32] might be employed for the sensing of
NAD+ and its related derivatives. Although nanopore sensing
of NAD+ and NADH has been previously demonstrated using
the 𝛼-hemolysin nanopore,[38] there has been no report of a
nanopore that can simultaneously distinguish NAD+ from its re-
lated derivatives.

2. Results and Discussion

2.1. Nanopore Identification of NAD+ and NADH

Nanopore identification of NAD+ and its derivatives was per-
formed by MspA-90PBA. The MspA-90PBA was prepared as re-
ported previously.[32] It contains a single PBA, intentionally de-
signed at its constriction. Eight representative compounds, in-
cludingNAD+, NADH,NADP+, NADPH,NAAD,NAMN,NMN,
and NR, were selected as model compounds. These compounds
all contain ribose moiety, which can reversibly bind to the PBA
adapter, providing the basis of sensing.
The oxidized NAD+ features ribose moieties capable of re-

versibly forming boronate esters with the PBA adapter at the
pore constriction during nanopore sensing (Figure 1a), generat-
ing characteristic nanopore events for compound identification
(Figure 1b). Nanopore measurements were initiated by sponta-
neous insertion of MspA-90PBA into a lipid bilayer in an elec-
trolyte solution of 1.5 M KCl, 100 mm MOPS (pH 7.0). NAD+

at defined concentrations were added to the cis chamber, and
a constant +160 mV potential was applied. Immediately upon
NAD+ addition, consecutive appearance of reproducible event
signatures were observed.
Notably, each NAD+ contains two adjacent ribose groups avail-

able for PBA binding, resulting in two distinct event types with
differing noise characteristics (Figure 1c,d). To systematically
characterize these events, three key parameters were defined:
event dwell time (toff), relative current blockage (%Ib) and the stan-
dard deviation of the blockage level (SD) are detailed in Figure
S1 (Supporting Information). The event scatter plot of SD ver-
sus %Ib confirms the presence of two discrete event popula-

tions (Figure 1e), validated by three independent measurements
(Figure S2, Supporting Information). This unambiguous resolu-
tion of binding events at different molecular sites highlights the
superior discriminatory power of the MspA-90PBA.
The interconversion between NAD+ and NADH via redox re-

actions constitutes a fundamental biochemical process essential
for a variety of physiological functions, including cellular respira-
tion, energy transduction, and redox homeostasis.[1] Structurally,
NAD+ features a positively charged quaternary ammoniummoi-
ety in its nicotinamide ring (Figure 1c), whereas NADH repre-
sents the reduced state with a hydride ion bound to the nicoti-
namide ring (Figure 1f). The subtle structural divergence be-
tween these two compounds presents technical challenges for
their simultaneous discrimination in complex samples.
The above demonstrated assay was further validated for

NADH sensing (Figure 1f; Figure S3, Supporting Information).
Analogously to NAD+, NADH also generated two distinct event
populations characterized by unique ionic current signatures,
confirmed by SD versus %Ib scatter plot results (Figure 1g,h).
This behavior also arises from the presence of two adjacent ribose
moieties in NADH that enable two possible configurations of
PBA binding. Comparison of event distributions between NAD+

and NADH revealed clear differences in their respective scatter
plots (Figure 1e,h), demonstrating unambiguous discrimination
of these structurally homologous analytes differing solely by a
hydride ion. This atomic-level resolution underscores the excep-
tional sensing precision of MspA-90PBA as well. Control exper-
iments using an octameric M2 MspA variant lacking the PBA
conjugation yielded nomeasurable binding events for any above-
mentioned analytes (Figure S4, Supporting Information). This
result confirms that the phenylboronic acid moiety is indispens-
able for generating event generation.

2.2. Nanopore Identification of NAD+ Derivatives

The analytical capabilities of MspA-90PBA were further ex-
panded to encompass NADP+, NADPH, NAMN, NAAD, NMN,
and NR (Figure 2a). These derivatives represent key interme-
diates in NAD biosynthesis, redox metabolism, and salvage
pathways.[2] Specifically, NADP+, the phosphorylated derivative
of NAD+, serves as a hydride acceptor to form NADPH.[8]

NAMN, NAAD, and NMN all act as critical NAD+ precursors,
undergoing enzymatic conversion to NAD+ through intracellular
salvage pathways that maintain cellular NAD+ homeostasis and
support essential physiological functions.[1] Notably, NMN and
NR have emerged as dietary supplements capable of augment-
ing intracellular NAD+ levels when co-administered.[9] Each of
these compounds was independently evaluated using the MspA-
90PBA.
All the measurements were identically carried out as previ-

ously demonstrated with NAD+ and NADH. In separate mea-
surements, each analyte was added to the cis chamber at the
desired concentration. According to the results, all the above-
mentioned compounds, except NAAD, reported a single popu-
lation of nanopore events (Figure 2b–g). NAAD, which has two
moieties available for PBA binding, gives rise to two characteris-
tic binding events. The population numbers of these events were
consistent with the characteristics of their molecular structures,
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Figure 1. Nanopore identification of NAD+ and NADH. a) The schematic diagram of NAD+ identification performed by MspA-90PBA. The MspA-
90PBA nanopore contains a single phenylboronic acid (PBA) at the pore contraction, which can form a reversible borate with the ribose of NAD+. b)
The mechanism of NAD+ sensing. A NAD+ molecule can reversibly bind to PBA to produce sensing events. c) The chemical structure of NAD+. d)
Representative events of NAD+. NAD+ contains two ribose moieties, resulting in two binding configurations and event types. e) The event scatter plot
of relative current blockage (%Ib) versus standard deviation (SD) of NAD+ events. Two event clusters are observed in the scatter plot, respectively
corresponding to two event types of NAD+ events. f) The chemical structure of NADH. The main differences between NAD+ and NADH are marked
by the red dashed circle in c and f. g) Representative events of NADH. Two types of events were also observed, respectively corresponding to the two
binding configurations of NADH and PBA. h) The event scatter plot of %Ib versus SD of NADH events. All measurements were performed as described
in Methods. The measuring buffer was 1.5 m KCl, 100 mm MOPS, pH 7.0 and a potential of +160 mV was continually applied. NAD+ and NADH were
respectively added to the cis chamber with a final concentration of 1 mm. The events in the scatter plots (e, h) were extracted from a 20 min continuous
trace. A total of 391 and 497 events are included in e and h, respectively.

demonstrating an interpretability for nanopore event generation.
To display more sensing details, the event scatter plots and the
representative traces were also shown in Figures S5–S10 (Sup-
porting Information). Identical measurements were also carried
out using the octameric M2 MspA, which lacks the PBA adapter
(Figure S4, Supporting Information). As expected, no character-
istic events were observed, again confirming the indispensable
role of the PBA adapter in event generation.

2.3. Machine Learning Assisted Nanopore Sensing

To automatically and objectively perform event identification, a
customized machine learning algorithm based on the events ob-
tained from the previous measurements was established (Figure
S11, Supporting Information). The workflow of machine learn-
ing consists of three main steps, including data collection, fea-
ture extraction, and model training. Briefly, nanopore events of
NAD+, NADH, NADP+, NADPH, NAMN, NAAD, NMN, and

NR were first separately collected. 1000 events acquired from
each analyte were selected to form the training dataset. To ensure
generality of model training, these events were derived from re-
sults of three independent measurements. Each event contains a
known label, based on the analyte used for event generation. Five
feature parameters, including %Ib, toff, SD, skewness (skew) and
kurtosis (kurt), were extracted from each event to form the fea-
ture matrix (Table S1, Supporting Information). The feature ma-
trix was then fed to the Classification Learner toolbox inMATLAB
formodel training. Variousmainstreammodels, such as decision
trees, discriminant analysis, naive Bayes, support vectormachine
(SVM), K-nearest neighbor (KNN) and ensemble, were used for
machine learning. Ten-fold cross-validation was used to evaluate
the classification accuracy of the model. Acknowledging the high
resolution of MspA-90PBA, these compounds generated highly
distinguishable nanopore events. Thus, all models report a high
accuracy. According to the results of model training, the linear
SVMmodel has reported the highest validation accuracy (99.9%)
and the lowest total classification cost. This model was thus
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Figure 2. Identification of NAD+ derivatives using MspA-90PBA. a) The synthesis, metabolism and salvage pathways of NAD+. b–g) The chemical
structures and representative events of NAMN (b), NAAD (c), NADP+ (d), NMN (e), NADPH (f) and NR (g). Except NAAD, all compounds generated
one type of event. NAAD has two binding sites compatible with PBA, leading to the generation of two types of events.

selected to perform all subsequent prediction tasks. The confu-
sion matrix obtained based on the linear SVM model was also
shown in Figure 3a.
The trained model was further used for the identification

of unknown events obtained from simultaneous sensing of all
NAD+ and related derivatives in this study. Experimentally, all
above-mentioned compounds were simultaneously added to the
cis chamber during the measurements using MspA-90PBA. The
event scatter plot of SD versus %Ib obtained from simultaneous
sensing of these compounds was shown in Figures 3b and S12
(Supporting Information). All nanopore events were acquired
from a 20 min continuous recording, and the feature parame-
ters were extracted respectively for machine learning prediction.
These nanopore events were identified by the previously trained
model and color encoded according to the prediction results.
A representative trace obtained from simultaneous sensing of
NAD+ and its derivatives was shown in Figure 3c. The event la-
bels were identified by the machine learning model and marked

on the trace. All nanopore events were clearly distinguished ac-
cording to their characteristics, consistent with results obtained
during separate sensing of individual compounds.
To evaluate potential interference from adenosine 5′-

monophosphate (AMP) and adenosine 5′-triphosphate (ATP) in
the detection of NAD+ and related derivatives, nanopore events
for AMP and ATP were collected under identical measurement
conditions. These events were integrated with pre-existing
nanopore event data to form a more comprehensive training
dataset for machine learning (Figure S13, Supporting Infor-
mation). Experimental results demonstrated that the trained
model achieved a 99% validation accuracy in discriminating
events corresponding to AMP, ATP, NAD+, and its deriva-
tives, confirming that AMP and ATP do not interfere with
the detection of NAD+-related analytes using this nanopore
sensor. The nanopore sensor was also applied to analyze yeast
extracts, enabling the identification of NAD+, NADH, and
NADPH components (Figure S14, Supporting Information).
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Figure 3. Machine learning assisted identification of NAD+ and its derivatives. a) The confusion matrix generated by the linear SVM model. The true
positive rate (TPR) and the false negative rate (FNR) were also demonstrated on the right. b) The event scatter plot of %Ib versus SD generated by
simultaneous sensing of all NAD+ and related derivatives investigated in this study. All events were identified by the previously trained model and
labelled accordingly. c) A representative trace generated by simultaneous sensing of all NAD+ and its derivatives. The events were identified by the
previously trained model and marked on the traces. The measurements were performed as described in Methods. The measuring buffer was 1.5 m KCl,
100 mm MOPS, pH 7.0 and a potential of +160 mV was continually applied. Each analyte was added in cis chamber with desired concentrations. The
events in the scatter plot were extracted from a 20 min continuous trace. A total of 2077 events are included in the scatter plot.

Additionally, significant quantities of AMP, uridine 5′-
monophosphate (UMP), cytidine 5′-monophosphate (CMP),
and guanosine 5′-monophosphate (GMP) were detected in the
yeast extracts. These results highlight the sensor’s preliminary
applicability for analyzing complex biological matrices like yeast
extracts.

2.4. Real-Time Monitoring of Dehydrogenase Catalysis

NAD+ serves as the primary hydride acceptor in intracellular
redox reactions across all domains of life. Its capacity to ac-
cept a hydride ion, forming its reduced counterpart NADH,
is fundamental to metabolic processes such as glycolysis, glu-
taminolysis, and fatty acid oxidation.[3] This redox interconver-
sion regulates dehydrogenase activities in catabolic pathways,
making real-time monitoring of NAD+/NADH dynamics a pow-
erful tool to assess cellular energy status, redox homeostasis, and
signaling pathway perturbations. Such insights hold significant
promise for advancing drug discovery and precision medicine
approaches.

Glucose-6-phosphate dehydrogenase (G-6-PD), a critical en-
zyme in the pentose phosphate pathway,[39] plays a vital role in
maintaining redox balance in human erythrocytes. Genetic G-6-
PD deficiency represents one of the most prevalent hereditary
hemolytic disorders,[40] contributing to neonatal jaundice[41] and
acute hemolytic anemia.[40] Quantifying G-6-PD activity enables
clinical diagnosis of hemolytic conditions, neonatal screening,
safe medication guidance, and genetic counseling.[42,43]

To investigate the function of G-6-PD, a nanopore assay har-
nessing the discriminative capabilities ofMspA-90PBA forNAD+

and NADHwas employed. The enzyme catalyzes the oxidation of
glucose-6-phosphate to 6-phosphogluconolactone, concomitantly
reducing NAD+ to NADH.[44,45] The conformational transition
from NAD+ to NADH has been widely reported.[2] Structurally,
they exhibit chemical similarity, with the key distinction being
that the nicotinamide ring of NAD+ contains a positively charged
quaternary ammonium salt moiety, whereas the correspond-
ing moiety in NADH binds a hydride ion. The redox reaction
between NAD+ and NADH represents a core mechanism in
electron transport and ATP production during cellular energy
metabolism. NADP+ is biosynthesized from NAD+ via a
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Figure 4. Nanoporemonitoring of glucose-6-phosphate dehydrogenase catalysis. a) The schematic diagramof the dehydrogenase catalytic reactionmon-
itored by nanopore. Glucose-6-phosphate dehydrogenase (G-6-PD) can catalyze the conversion of glucose-6-phosphate to 6-phosphogluconolactone
(6-PGL), and simultaneously NAD+ is reduced to NADH. This process can be monitored via the changes of the event proportions of NAD+ and NADH.
b) The event proportion variations of NAD+ and NADH events during the enzymatic catalysis process. To initiate the measurements, 10 U G-6-PD, 1 mm
MgCl2, 5 mm glucose-6-phosphate (G-6-P) and 2 mm NAD+ were simultaneously added to the cis chamber. A potential of +160 mV was continuously
applied. The entire enzymatic catalysis process of G-6-PD was monitored and recorded in real time. All nanopore events were identified by the previously
trained model. According to different time intervals, the proportions of nanopore events of NAD+ and NADH were respectively counted, and corre-
sponding curves were plotted. The transformation process of NAD+ and NADH can be observed via the corresponding proportions of events, thereby
enabling real-time monitoring of the enzymatic catalysis process. The statistical results were derived from results of three independent measurements
for each condition (N = 3). c) The representative traces acquired at the beginning and 50 min after the initiation of the catalytic reaction. d) The event
proportion of NAD+ and NADH events from 0 to 5 min and from 45 to 50 min respectively. At the beginning of the catalysis, only NAD+ events were
observed. 50 min later, all NAD+ was exhausted, reporting only NADH events.

kinase-catalyzed phosphorylation reaction. As previously
reported,[8] the redox reaction from NADP+ to NADPH is
also a critical pathway for electron transport in cellular sys-
tems. Both NAD+[46] and NADP+[47] function as coenzymes for
G-6-PD, facilitating its catalytic activity. Here, the conversions
of NAD+ to NADH and NADP+ to NADPH can be monitored
via the catalytic activity of G-6-PD. Experimentally, G-6-PD and
MgCl2 were added to the cis chamber. NAD+ and the enzyme
substrate glucose-6-phosphate were subsequently added to
the cis chamber to initiate the enzymatic reaction. Nanopore
measurements were then continually recorded to monitor the
results of the enzymatic reaction in real time (Figure 4a,b).
Event classification using a pre-trained machine learning

model enabled real-time tracking of NAD+ and NADH dynam-
ics (Figure 4a–d). At t = 0, only NAD+ signatures were de-
tected (Figure 4c). As the reaction progressed, NADH events
emerged, reflecting the time-dependent conversion of NAD+ to
NADH (Figure 4d). Representative traces obtained at different
time points during the dehydrogenase catalysis are shown in
Figure S15 (Supporting Information), clearly demonstrating the

transition between NAD+ and NADH. The kinetic profile re-
vealed rapid initial turnover (first 20 min) followed by a deceler-
ating phase approaching equilibrium. Control experiments were
also performed, demonstrating that no conversion occurredwith-
out NAD+ (Figure S16, Supporting Information) or substrate
(Figure S17, Supporting Information).
Given that both NAD+ and NADP+ serve as coenzymes for G-

6-PD, we performed catalytic measurements of G-6-PD in the si-
multaneous presence of both coenzymes (Figure 5). The entire
enzymatic catalysis process, including the transitions between
NAD+/NADH and NADP+/NADPH, was monitored by quan-
tifying the event proportions of NAD+, NADH, NADP+, and
NADPH at distinct time intervals. Notably, G-6-PD displayed a
distinctly stronger substrate preference for NADP+ when both
coenzymes were present. In the concurrent presence of NAD+

and NADP+, the nanopore sensor could also detect events of rel-
evant compounds and measure substrate conversion catalyzed
by G-6-PD. Although the high concentration of KCl in the mea-
suring buffer used in this work may affect the activity of G-
6-PD, numerous experiments have confirmed that G-6-PD still
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Figure 5. Nanopore monitoring of glucose-6-phosphate dehydrogenase
catalysis in the simultaneous presence of NAD+ and NADP+. Both NAD+

and NADP+ act as substrates for glucose-6-phosphate dehydrogenase
(G-6-PD), which catalyses their conversion to NADH and NADPH, re-
spectively. This process was monitored via changes in the proportions of
nanopore events corresponding to NAD+, NADH, NADP+, and NADPH.
For the measurements, 10 U G-6-PD, 1 mm MgCl2, 5 mm glucose-6-
phosphate (G-6-P), 1 mm NAD+, and 1 mm NADP+ were simultaneously
added to the cis chamber under a continuous +160 mV potential. a) Rep-
resentative traces at the start and 60 min after initiating the catalytic re-
action. Nanopore events for NAD+, NADH, NADP+, and NADPH were
identified and labelled using a pre-trained model. b) Temporal changes
in the proportions of NAD+, NADH, NADP+, and NADPH events dur-
ing catalysis. Event labels were assigned by the prediction results of the
pre-trained model. The entire enzymatic process was monitored in real
time, with event proportions quantified at discrete time points. G-6-PD ex-
hibited a kinetic preference for NADP+, as evidenced by the rapid initial
turnover of NADP+/NADPH within the first 15 min, followed by a decel-
eration toward equilibrium. In contrast, NAD+/NADH required 50 min to
reach equilibrium. Statistical results are based on three independent repli-
cates (N = 3), with error bars representing standard deviations.

exhibits catalytic activity under the current measurement con-
ditions. The evaluation of the impact of high-salt environments
on enzyme activity would be carried out in the follow-up works.
These results validate the use of MspA-90PBA nanopores for
monitoring dehydrogenase-catalyzed redox reactions, establish-
ing a novel platform for enzyme activity analysis and inhibitor
screening.

3. Conclusion

In summary, the MspA-90PBA nanopore sensor has been suc-
cessfully demonstrated for multiplex detection of NAD+ and
its derivatives. Eight core analytes, including NAD+, NADH,
NADP+, NADPH, NAMN, NAAD, NMN, and NR, were unam-
biguously discriminated based on their distinct ionic current sig-
natures during nanopore sensing. Leveraging these unique event
features, a tailored machine learning algorithm was developed,
which achieved an impressive 99.9% classification accuracy. It
enabled real-time analysis of complex mixtures of NAD+ and its

derivatives, providing a high-precision platform for multicom-
ponent analysis without cross-interference. Notably, this label-
free methodology eliminates the need for sample amplification
or chemical modification, ensuring minimal perturbation to the
native states of the sample. The nanopore sensor was also used
to analyze yeast extracts, successfully identifying components
of NAD+, NADH and NADPH, highlighting its preliminary ap-
plicability in the analysis of complex biological matrices. The
utility of this platform was further extended to real time mon-
itoring of glucose-6-phosphate dehydrogenase enzymatic activ-
ity. Dynamic changes in NAD+/NADH and NADP+/NADPH ra-
tios were tracked during catalysis, yielding kinetic insights into
redox transformations. These proof-of-concept demonstrations
establish a sensing assay for dehydrogenase activity profiling,
which holds significant promise for point-of-care diagnostics and
metabolic pathway studies in disease contexts.
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