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ABSTRACT: Enantiomers, chiral isomers with opposite chir-
ality, typically demonstrate differences in their pharmacological
activity, metabolism, and toxicity. However, direct discrim-
ination between enantiomers is challenging due to their similar
physiochemical properties. Following the strategy of program-
mable nanoreactors for stochastic sensing (PNRSS), introduc-
tion of phenylboronic acid (PBA) to a Mycobacterium smegmatis
porin A (MspA) assists in the identification of the enantiomers
of norepinephrine and epinephrine. Using a machine learning
algorithm, identification of the enantiomers has been achieved
with an accuracy of 98.2%. The enantiomeric excess (ee) of a
mixture of enantiomeric catecholamines was measured to
determine the enantiomeric purity. This sensing strategy is a faster method for the determination of ee values than liquid
chromatography−mass spectrometry and is useful as a quality control in the industrial production of enantiomeric drugs.
KEYWORDS: chirality, catecholamine enantiomer, programmable nanoreactors, Mycobacterium smegmatis porin A,
single-molecule chemistry

INTRODUCTION

Many biologically significant molecules, including amino acids,
nucleotides, and saccharides, are chiral in nature.1,2 Enan-
tiomers, which are chiral isomers with opposite chirality,3

usually demonstrate differences in their pharmacology, metab-
olism, and toxicity and have the same chemical composition and
very similar physiochemical properties.4−7 Accordingly, direct
discrimination between them is difficult. Catecholamines (CA)
such as norepinephrine, epinephrine, and dopamine are
important neurotransmitters and hormones that play critical
roles in vasoconstriction, blood pressure control, and the
transmission of nerve impulses.8 Both norepinephrine and
epinephrine are used as emergency medicines in cardiac arrest
and anaphylaxis.9,10 Both norepinephrine and epinephrine
contain a single chiral center, and each have two enantiomers
with different pharmacodynamic effects.11 For example, the
activity in vivo of the corresponding L-enantiomers is 100 times
that of the D-enantiomers.12 In the production of L-
norepinephrine (L-N) and L-epinephrine (L-E), D-norepinephr-
ine (D-N) and D-epinephrine (D-E) are generally treated as
undesired products which affect the synthesis efficiency and
product quality.13−17 The L-enantiomers are spontaneously

converted into D-enantiomers by racemization, and this results
in gradual loss of their therapeutic effectiveness, posing
challenges to drug storage.18 Therefore, for the quality control
of pharmaceutical production, it is necessary to develop a rapid
enantiomer identification method for norepinephrine and
epinephrine. Conventionally, detection of catecholamine
enantiomers is carried out by high-performance liquid
chromatography (HPLC) using chiral-specific columns19 with
or without derivatization of the catecholamine enantiomers
prior to the HPLC analysis.20 Chiral-specific detectors, such as
circular dichroism (CD)21 or optical rotation,22 are used for
enantiomer detection, but these methods depend on reliable
separation methods.
Biological nanopores23 are a group of transmembrane porin-

based sensors originally developed for sequencing of single
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molecules. Their high sensing resolution also enables direct
probing of metal ions,24 small molecules,25 nucleic acids,26

peptides,27 and proteins28 at the level of a single molecule. With
their chiral lumen environment and a sufficient resolution of
sensing, biological nanopores can, in principle, discriminate
between enantiomers when the target molecule is transiently
trapped near the pore constriction. However, owing to the

technical complexity associated with the chemical engineering of
the pore lumen, direct discrimination of enantiomers has been
only rarely reported with nanopores.29−32 Programmable
nanoreactors for stochastic sensing (PNRSS)33 is a versatile,
recently developed strategy to probe single-molecule reactions.
It omits the complexities associated with pore engineering by
introducing instead a synthetic strand of chemically engineered

Figure 1. Discrimination of norepinephrine enantiomers using PNRSS. (a) Schematic diagram. The MspA serves to dock a streptavidin-
tethered PNRSS strand (14PBA, Supplementary Table 1). The reaction section (brown), which is located at the pore restriction, contains a
phenylboronic acid (PBA). The PBA serves as the fixed reactant, capable of binding mobile reactants such as catecholamines to report sensing
events. The blue, green, and yellow regions, respectively, represent the extension section, the traction section, and the tether site of a PNRSS
strand. (b) Mechanism of L-norepinephrine (L-N) or D-norepinephrine (D-N) binding to a PBA. (c−h) Results acquired when samples
containing different combinations of L-norepinephrine and D-norepinephrine are added to the device. The corresponding event scatter plots
and histograms (d,f,h) are placed to the right of each corresponding trace (c,e,g). Catecholamines were added to transwith a final concentration
of 200 μM. (g) Representative trace acquired when L- and D-norepinephrine are simultaneously added to trans, each with a 100 μM final
concentration. (h) Corresponding event scatter plot. The measurements were carried out as described in Methods. A buffer of 1.5 M KCl, 10
mM HEPES, pH 8.0 was used. A +140 mV potential voltage was continually applied. For demonstration purposes, the traces presented in c, e,
and g were low-pass filtered by a Bessel filter with a cutoff frequency of 100 Hz. In all representative traces, characteristic events of L- and D-
norepinephrine are marked, respectively, with blue and orange circles. The corresponding histogram of %Ib, superimposed with its Gaussian
fitting result, is plotted to the right of each scatter plot in d, f, and h. Events in the scatter plots from 10min are continually recorded trace in each
condition: 184 (d), 147 (f), and 308 (h) events are included in the corresponding scatter plot.
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nucleic acid strands to the pore lumen. To the best of our
knowledge, sensing of enantiomers by PNRSS has not been
reported to date. Here, it is used to discriminate between
catecholamine enantiomers, including L-norepinephrine, D-
norepinephrine, L-epinephrine, and D-epinephrine. PNRSS
does not require chemical separation of enantiomers, and
enantiomeric excess (ee) values can be determined in less than
10 min. The amount of sample required for a single
measurement is 0.5 nmol, which is much less than is required

for HPLC.33 Assisted with a custommachine learning algorithm,
a 98.2% accuracy has been achieved.

RESULTS AND DISCUSSION

Discrimination between Catecholamine Enantiomers
Using PNRSS. Both norepinephrine and epinephrine are
catecholamines. They both contain a cis-diol moiety and differ
in the substituent on the nitrogen atom. Phenylboronic acid
(PBA) can reversibly form cyclic boronates with cis-diols, and
this mechanism has been widely used to construct sensors and

Figure 2. Identification of norepinephrine and epinephrine enantiomers assisted by machine learning. (a) Chemical structures (top) of L-
norepinephrine (L-N), D-norepinephrine (D-N), L-epinephrine (L-E), and D-epinephrine (D-E) and their corresponding nanopore events
(middle and bottom). Nanopore events presented in the bottomwere low-pass filtered at 100Hz. (b) Flow diagramof the training process. Four
classes of events, including L-norepinephrine, D-norepinephrine, L-epinephrine, and D-epinephrine events, were collected to form the input data
set. The amplitude SD and percentage blockade%Ib of all events were extracted to form a data table also referred to as a featurematrix. Each row
of the feature matrix represents a binding event, including two feature parameters, SD and%Ib. Features from 4200 events were fed into models
in the Classification Learner Toolbox of MATLAB for model training. A 10-fold cross-validation was performed, and their cross-validation
accuracy scores were reported. Among the models being tested, the linear SVM model reported the highest accuracy score of 98.2% and the
lowest total misclassification cost. (c) The confusionmatrix result produced by the linear support vector machine model. True positive rate and
false negative rate were also demonstrated to the right. (d) Scatter plot of amplitude SD versus percentage blockade %Ib. The results are based
on 613 events acquired with a mixture of four catecholamines. The decision boundary, which separates the scatter plot into blue (L-N), orange
(D-N), yellow (L-E), and purple (D-E) regions, was determined from the machine learning results. (e) Representative trace containing events of
four catecholamine enantiomers. The trace was low-pass filtered at 100 Hz by a Bessel filter. Characteristic events were recognized by the
machine learning algorithm and labeled on the trace. All nanoporemeasurements were performed as described inMethods. Each catecholamine
was added to trans with a concentration of 200 μM.
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separation systems for polyols.34 PBA can be introduced into the
lumen of MspA following a PNRSS strategy (Figure 1a,b). First,
the PNRSS strand 14TAK (Supplementary Table 1) was reacted
with 4-(azidomethyl)benzeneboronic acid by Huisgen copper-
(I)-catalyzed azide−alkyne 1,3-dipolar cycloaddition
(CuAAC)35 to generate 14PBA (Methods and Supplementary
Table 1). The 14PBA produced in this way was further
characterized by mass spectrometry and single channel record-
ing, confirming the success of the reaction (Supplementary
Figures 1 and 2). During the nanopore measurements
(Methods), an octameric M2MspA nanopore was applied to
dock the PNRSS strand electrophoretically. For simplicity, this
MspAmutant is referred to hereafter as MspA. The mutations of
the M2MspA in reference to its wild type were introduced to
optimize the internal charge of the pore lumen,36 so that
translocation of DNA is permitted. To precisely locate the PBA
to the pore constriction, the length of the extension section
could be optimized with a 3.5 Å precision to reach an optimum
location (Figure 1a).
Experimentally, two chambers filled with electrolyte buffer

were separated by a self-assembled lipid membrane into which
an MspA has been inserted. The electrically grounded chamber
is defined as cis, and the opposing chamber is defined as trans.
With a +140 mV potential continually applied, an unoccupied
MspA nanopore reports an open pore current (I0). When a
streptavidin-tethered 14PBA was captured electrophoretically,
the nanopore current immediately dropped to the static
blockage current (Ip) (Supplementary Table 2). In order to
achieve an optimal sensing performance, the PBA is designed to
be close to the pore constriction when the 14PBA is fully
stretched in the pore lumen (Figure 1a). Subsequently, with the
addition of D-norepinephrine to trans, the nanopore current
reached a further blockage level (Ib). Continuous switching
between Ip and Ib corresponds to the switching between the state
when the PBA is unbound or bound by a D-norepinephrine
(Supplementary Figure 3). However, these events were not
observed on 14TAK (Supplementary Table 1), again confirming
that the PBA is critical in the generation of the events
(Supplementary Figure 2a). The key parameters of PNRSS
measurement, including the dwell time toff and the interevent
interval ton, are defined in Supplementary Figure 3. The
percentage blockade %Ib is derived from (Ib − Ip)/Ip. The
amplitude standard deviation (SD) is used to evaluate the noise
level of the events.
Then norepinephrine enantiomers were added to trans at a

desired concentration, and the rate of event appearance
increases at higher concentrations (Supplementary Figures 4
and 5). Although the events caused by binding of D- or L-
norepinephrine have similar kinetic constants (Supplementary
Table 4) and SD values, they can, however, be clearly
distinguished by the difference in their percentage blockades,
%Ib. Specifically, the addition of L-norepinephrine reported an
average %Ib of approximately −0.207 (Figure 1c,d). The
addition of D-norepinephrine produced an average %Ib of
approximately−0.229 (Figure 1e,f and Supplementary Table 3).
Thus, events of D- and L-norepinephrine can be directly
identified even if they are simultaneously sensed in a mixture
(Figure 1g,h and Supplementary Figure 6).
Following the same principle, sensing of epinephrine

enantiomers was also evaluated by PNRSS (Supplementary
Figures 7−9). The average percentage blockade %Ib produced
by L- and D-epinephrine is approximately −0.226 and −0.248,
respectively (Supplementary Table 3). D-Epinephrine has an

event amplitude larger than that of L-epinephrine. The noise
levels of L- and D-epinephrine are also significantly different. The
binding events caused by L-epinephrine have a highly character-
istic noise signature and thus a larger SD (∼7% larger). The
events associated with epinephrine enantiomers can be
identified by considering their amplitude and SD features
simultaneously (Supplementary Figure 9).
The event amplitude of all four types of catecholamines

follows the order of D-E > L-E ≈ D-N > L-N. This is expected
because epinephrine has an additional methyl group compared
to norepinephrine, and this impedes more ionic current,
producing a larger event amplitude. Although L-epinephrine
(L-E) and D-norepinephrine (D-N) have similar event
amplitudes, they were sufficiently distinguished by the SD of
the event (Supplementary Figure 10). Specifically, the L-
norepinephrine consistently reports a flat blockage level. Low-
frequency level fluctuations were, however, frequently observed
with other catecholamine enantiomers. Though the molecular
nature of this phenomenon remains not fully understood, it is
speculated that the fluctuation may correspond to reversible
switching between different conformational states of the analyte
when trapped in a nanoconfined space. A systematic study using
molecular dynamics simulations may be carried out in a follow-
up study to further explain this phenomenon. Experimentally,
the above results confirm the discrimination between catechol-
amine enantiomers, carried out by a PNRSS assay.

Machine Learning Assisted Identification of Norepi-
nephrine and Epinephrine Enantiomers. Machine learn-
ing, which learns from the input data without focusing on the
programming, is a branch of artificial intelligence. It has been
widely applied in nanopore research to automate event
classification and to evaluate sensing performance.33,37−39 The
catecholamine sensing events produced by PNRSS report highly
consistent event features for each type of analyte being tested
(Figure 2a and Supplementary Figure 11), suggesting that these
data are suitable for automatic identification with a custom
machine learning algorithm.
The training process of the machine learning algorithm

consists of four steps, as described in Figure 2b. Briefly, the
characteristic events produced by L-norepinephrine, D-norepi-
nephrine, L-epinephrine, and D-epinephrine formed the input
data set. The events for each type of enantiomer were acquired
separately with a single type of catecholamine added so that all
produced events have known labels. A total of 4200 events were
included. Events of epinephrine report a highly characteristic
low-frequency fluctuation, producing large event SD values. The
fluctuation frequency range for D- and L-epinephrine was 4.2 ±
1.5 and 2.9± 1.4 Hz, respectively. In order to avoid overlooking
of this feature, only events with more than 200 ms of dwell time
were included in the data set. Two event features, including
amplitude SD and percentage blockade %Ib, were extracted from
characteristic events to form a feature matrix (Supplementary
Figure 12). The selection of these two event features are based
on the most obvious difference in the event characteristics
(Figure 2a). The feature matrix was then fed into the
Classification Learner toolbox of MATLAB for model training.
Mainstream models, including decision trees, discriminant
analysis, naive Bayes, support vector machine (SVM), k nearest
neighbor (KNN), and ensemble were all investigated to identify
the best performing model. A 10-fold cross-validation was
applied for each model. Specifically, the data set was divided
stochastically into the training data set for model training and
the validation data set for fine-tuning of model parameters and
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validation of the model. The linear SVMmodel has reported the
highest accuracy of 98.2% and the lowest total misclassification
cost. Here, the total misclassification cost represents the number
of misclassified events in the selected model. The other model
performances are summarized in Supplementary Table 7. The
confusion matrix was generated based on the linear SVMmodel,
fromwhich the accuracy of L-norepinephrine, D-norepinephrine,
L-epinephrine, and D-epinephrine identification was 99.2, 99.1,
95.3, and 99.5%, respectively (Figure 2c).
The linear SVM model was used to generate the decision

boundary. A mesh grid was first generated within the region of
1.3−3.0 pA in the SD and −0.30 to −0.14 in the %Ib with
intervals of 0.01 and 0.001, respectively (Figure 2d). The mesh
grid contains the coordinates of the plane within the specified
range, where the x and y coordinates, respectively, represent SD

and %Ib. Event type regions can be identified by these mesh grid
parameters when inferred from the linear SVM model and
colored blue (L-norepinephrine), orange (D-norepinephrine),
yellow (L-epinephrine), and purple (D-epinephrine) so that the
decision boundary is generated. When all enantiomers of
norepinephrine and epinephrine were simultaneously sensed,
the characteristic events were extracted from a 15 min
continuous recording, and the feature parameters of SD and %
Ib were obtained. The decision boundary generated by the
machine learning algorithm was placed above the scatter plot of
the mixture to assist event recognition. Each characteristic event
in the recording with themixture can be efficiently identified and
labeled using this decision boundary (Figure 2e).
The trained model was then employed to predict unidentified

events. The PNRSS measurement was carried out by sequential

Figure 3. Sequential addition of D-epinephrine, L-epinephrine, D-norepinephrine, and L-norepinephrine. Representative traces were acquired
when (a) D-epinephrine, (c) L-epinephrine, (e) D-norepinephrine, and (g) L-norepinephrine were sequentially added to trans. Events of D-
epinephrine, L-epinephrine, D-norepinephrine, and L-norepinephrine weremarked with purple, yellow, orange, and blue circles, respectively, on
traces. b, d, f, and h, where the corresponding event scatter plot was generated from a 10 min trace acquired as described in a, c, e, and g. For
demonstration purposes, the traces presented in a, c, e, and g were low-pass filtered by a Bessel filter with a cutoff frequency of 100 Hz. The
decision boundary plot generated by the machine learning algorithm is placed on top of the scatter plot to assist the event recognition. Each
addition of catecholamine enantiomers creates an extra distribution of events in the scatter plot. A buffer of 1.5 M KCl, 10 mMHEPES, pH 8.0
was used. A +140 mV potential was continuously applied. The concentration of each catecholamine enantiomer is 150 μM. A total of 143, 183,
250, and 275 events were included in the scatter plots of b, d, f, and h, respectively.
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addition of D-epinephrine, L-epinephrine, D-norepinephrine, and
L-norepinephrine to the same nanopore device (Figure 3a,c,e,g).
A 10 min trace was recorded for each condition, and the event
features were extracted. Four event populations, respectively,
corresponding to binding of D-epinephrine, L-epinephrine, D-
norepinephrine, and L-norepinephrine were clearly observed in
the scatter plot (Figure 3b,d,f,h). This again demonstrates that
this single-molecule assay can effectively discriminate between
catecholamine enantiomers even if they are sensed simulta-
neously in a mixture. The machine learning algorithm, however,
improves the efficiency of event classification, and no
interference of human judgment is included.
Detection of Enantiomeric Purity. Enantiomeric excess

value is a measure of the enantiomeric purity of a chiral
material.40 The determination of the enantiomeric purity is
critical for the production and storage of norepinephrine and
epinephrine medicinal products. As described above, the
information provided by the nanopore readouts are sufficient
to determine the value of the enantiomeric excess. Exper-
imentally, D-norepinephrine was added to 200 μM L-
norepinephrine in 50 μM increments to obtain a mixture of L-
and D-norepinephrine at five different concentration ratios
(Supplementary Figure 13) to produce nanopore readouts. The
setting of the 50 μM concentration increments is intended to
generate different ratios of D- and L-enantiomers in a mixture so
that different ee values are measured and a general calibration
curve is generated by fitting. For each condition, events from 10
min continuous recordings were extracted to form the predicting
data sets, which were subsequently identified by the previously
established machine learning model. The proportion of two
enantiomers at each measurement was calculated. With the
addition of D-norepinephrine, the event proportion of D-
norepinephrine increased, while that of L-norepinephrine

decreased, and ultimately, both events report similar propor-
tions (Figure 4a). The samemeasurements were performed with
epinephrine enantiomers, which gave similar results (Figure 4b
and Supplementary Figure 14).
For the quantitative evaluation of ee determined with a PBA-

modified programmable nanopore, calibration curves were
generated from event proportions acquired in various known
mixtures of L- and D-enantiomers (Figure 4c,d). The measured
ee value is derived from (PL − PD)/(PL + PD), where P
represents the proportion of events caused by L- or D-
enantiomers. The prepared ee value is obtained from the
concentrations of L- and D-enantiomers by the formula: ([L] −
[D])/([L] + [D]). The slopes of 1.02± 0.01 and 1.00± 0.05 for
norepinephrine and epinephrine were reported, signifying that
the determined ee value from nanopore measurement is
consistent with the expected value. The measured ee values,
calculated from the event proportion of L- and D-catecholamines,
were basically consistent with the prepared values, further
demonstrating that the designed PNRSS assay can directly
report the ee values for enantiomeric purity determination
(Supplementary Tables 5 and 6).
To demonstrate an application of quality control for

norepinephrine and epinephrine enantiomer medicine, the
commercially supplied epinephrine hydrochloride injection was
evaluated by the PNRSS sensor (Supplementary Figure 15).
Experimentally, 15 μL of epinephrine hydrochloride injection
sample was directly added to trans, and then corresponding
binding events were immediately reported during the PNRSS
measurement. The previously trained model was employed for
event identification. The main component of epinephrine
hydrochloride injection was confirmed to be L-epinephrine;
however, residual D-epinephrine was still detected, and the ee
value was derived to be 0.98. Though the demonstrated assay is

Figure 4. Detection of the enantiomeric purity in a mixture of catecholamine enantiomers. Event proportion histograms of (a) norepinephrine
or (b) epinephrine enantiomers. The event proportion results were acquired by titrating D-catecholamine in 50 μM increments into a 200 μML-
catecholamine sample. The characteristic events were extracted from a 10min continually recorded trace and identified by themachine learning
algorithm to derive the event proportions. The relationship between the ee value of the prepared mixture of norepinephrine (c) or epinephrine
(d) enantiomers and the eemeasured by PNRSS. The fitting results report a slope of 1.02± 0.01 and theR2 of 0.999 for (c) and a slope of 1.00±
0.05 and the R2 of 0.991 for (d). A buffer of 1.5 M KCl, 10 mMHEPES, pH 8.0 was used. A +140 mV potential was continuously applied. Three
independent measurements (N = 3) were performed for each condition to produce the statistics.
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simple, it clearly presents how PNRSS would be applied during a
real application of medicine quality control. The sample is
directly added, and no sample treatment is, however, required.
Acknowledging the high chemical selectivity of PBA

introduced to the PNRSS strand, the assay may as well be
carried out in the presence of a physiological sample background
without causing any interferences. To show that, identification
of epinephrine enantiomers was performed with a real human
urine background, and the enantiomer discrimination is well
achieved without any interferences (Supplementary Figure 16).
However, due to the large measurement volume and the small
sensing area of an individual nanopore, the sensing efficiency in
this configuration is currently limited to 1 μM, as demonstrated
with D-epinephrine sensing in 10 min of continuous recording
(Supplementary Figure 17). In future prospects, to deal with
sensing of extremely low concentration samples, a parallel
nanopore array similar to that demonstrated by the MinION
sequencer may be applied. This, however, requires significant
engineering efforts, and the cost of the device would be higher.
However, for any sensing applications when the analyte presents
with a sufficiently high concentration, the current configuration
is sufficient.
Identification of epinephrine enantiomers was also performed

with the α-hemolysin (α-HL) nanopore (Supplementary Figure
18). Experimentally, D- and L-epinephrine were sequentially
added to trans to reach the desired concentrations. Correspond-
ing events of epinephrine enantiomers were subsequently
observed. However, the event amplitude reported by the α-
HL nanopore was much smaller than that generated by MspA.
More importantly, the events generated by the two chiral
molecules of epinephrine were not clearly distinguishable,
suggesting that the selection of the pore type, which determines
the resolution of sensing, is crucial in the identification of
catecholamine enantiomers by PNRSS.

CONCLUSIONS
We have demonstrated single-molecule discrimination of
norepinephrine and epinephrine enantiomers with a program-
mable nanopore modified with a phenylboronic acid. The PBA,
which was introduced into the pore lumen using a PNRSS
strategy, reacts with the cis-diol moiety of different catechol-
amines and reports their identities. Acknowledging the high
resolution provided by the conical lumen geometry of MspA,
four types of catecholamines, including L-norepinephrine, D-
norepinephrine, L-epinephrine, and D-epinephrine, can be fully
distinguished. Though not investigated in this study, the
molecular conformation of these enantiomers when confined
in the pore lumen may be demonstrated using molecular
dynamics simulation in future prospects. Assisted by machine
learning, the general accuracy score of catecholamine
enantiomer identification was 98.2%, and events from a mixture
can be identified. This can quickly report ee values and is
extremely useful in evaluation of the enantiomeric purity and the
racemization process of catecholamines. Compared with other
chromatography-based separation and detection methods, this
method requires no additional derivative modification or
separation of enantiomers. It can directly identify catecholamine
enantiomers in mixed samples and can be used in the quality
control of norepinephrine and epinephrine drug production.
Though not demonstrated in this paper, this sensing strategy is,
in principle, compatible with other catecholamine enantiomers
drugs and metabolites, such as DL-dopa,41 DL-isoprenaline,42 and
DL-vanillylmandelic acid.43 The PNRSS strategy may as well be

carried out with solid-state nanopores or DNA nanopores in
future prospects. Suitable engineering of the PNRSS strand may
also inspire other applications of enantiomer sensing.

METHODS
Materials. Escherichia coli strain BL21 (DE3) was purchased from

Biomed (China). Dioxane-free isopropyl-β-D-thiogalactopyranoside
(IPTG), kanamycin sulfate, and tris(hydroxymethyl)aminomethane
(Tris) were supplied by Solarbio Biotechnology (China). Luria−
Bertani broth and Luria−Bertani agar were from Hopebio (China).
Precision Plus Protein Dual Color Standards and TGX FastCast
Acrylamide Kit (12%) were purchased from Bio-Rad. D-Epinephrine
(98%) was purchased from Shanghai Kewel Chemical Technology Co.,
Ltd. (China). L-Epinephrine (99%) was purchased from Energy
Chemical (China). D-Norepinephrine (98%) was custom synthesized
by Nanjing Sunsure Chemical Technology Co., Ltd. (China). L-
Norepinephrine (98%), potassium chloride (KCl, 99.9%), sodium
hydroxide (NaOH, 99.9%), sodium sulfate anhydrous (Na2SO4, 99%),
and dimethyl sulfoxide-d6 (DMSO-d6, 99.9%D + 0.03%TMS) were
from Aladdin (China). 1,2-Diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC) was purchased from Avanti Polar Lipids. Hexadecane,
pentane, ethylenediaminetetraacetic acid (EDTA), and Genapol X-80
were from Sigma-Aldrich. Acetonitrile (MeCN, 99.9%) and methyl-
boronic acid (97%) were supplied by Macklin (China). 4-(2-
Hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES, 99%) was
purchased from Shanghai Yuanye Bio-Technology (China). Hydro-
chloric acid (HCl), acetone (Me2CO, 99.5%), and dichloromethane
(DCM, 99.5%) were purchased from Sinopharm (China). 4-
(Azidomethyl)benzeneboronic acid pinacol ester (95%) was from
Alfa Aesar (U.S.), and streptavidin was from New England Biolabs.

The monomeric DNA phosphoramidite, 5-ethynyl-dU-CE phos-
phoramidite, was from Glen Research (U.S.). The alkyne-containing
oligonucleotide 14TAK (Supplementary Table 1) was synthesized by
Shanghai Generay Biotech Co., Ltd. The sequences of all oligonucleo-
tides are listed in Supplementary Table 1.

Nanopore Preparation. As previously reported,44 the pet-30a(+)
plasmid containing the gene coding for M2MspA (D93N/D91N/
D90N/D118R/D134R/E139 K) was custom-synthesized by Genscript
(New Jersey, U.S.) and expressed in E. coli BL21 (DE3). The produced
M2MspA nanopore was purified by nickel affinity chromatography (GE
Akta Pure, GE Healthcare) and used for all measurements in this paper.
For simplicity, the M2MspA is referred to as MspA throughout this
study. The wild type α-hemolysine (WT α-HL) nanopore protein was
prepared as previously reported.44

Nanopore Measurements and Data Analysis. All nanopore
measurements in this study were carried out as previously reported.33 A
self-assembled lipid bilayer consisting of DPhPC separated the
measurement device into two chambers. Each chamber contained
500 μL of buffer of 1.5 M KCl, 10 mM HEPES, pH 8.0. A pair of Ag/
AgCl electrodes was inserted into two chambers and contacted with
buffer. The electrodes were connected with the patch clamp amplifier to
form a closed circuit. For convenience, the electrode in cis was
connected with ground and another electrode in trans was the working
electrode. Experimentally, with the insertion of single MspA nanopore,
the buffer in cis was exchanged manually to avoid further pore
insertions.

The mean blockage level (Ip) was acquired from static pore blockage
measurements. Briefly, the streptavidin-tethered PNRSS strand was
added to cis at a concentration of 20 nM, and a voltage protocol of +140
mV (0.9 s) and−100 mV (0.3 s) was repeatedly applied. A minimum of
500 Ip events were collected for each independent measurement. The
event histogram results were fitted to a Gaussian distribution, and the
central position of the fitting result was Ip . The results are shown in
Supplementary Table 2.

For PNRSS measurements, the streptavidin-tethered PNRSS strand
was added to cis to reach a 20 nM final concentration, and a +140 mV
potential was continually applied. Upon the addition of analytes,
continuous blockage events appeared on the basis of Ip and were
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recognized as the characteristic events generated by analytes
(Supplementary Figure 3).
All electrophysiology measurements were carried out with an

Axopatch 200B patch clamp amplifier and digitized by aDigidata 1550B
digitizer (Molecular Devices, UK). The traces recorded with the 25 kHz
sampling rate and low-pass filtered with a cutoff frequency of 1 kHz. All
PNRSS measurements were performed at room temperature (21 ± 2
°C). Nanopore events were extracted by the single channel search
function of Clampfit 10.7 (Molecular Devices, U.K.). Further analysis
was carried out in Origin 2019. All machine learning algorithms were
developed with the Classification Learner toolbox ofMATLABR2019b
(MathWorks, U.S.). The custom code and sample data are shared in a
public repository (https://github.com/sonic220/Catcholamine-
E n a n t i om e r - C l a s s i fi e r / b l o b /m a i n /C a t e c h o l am i n e%
20Enantiomers%20Classifier.zip).
Preparation of the PNRSS Strand 14PBA. The PNRSS strand

14TAK was reacted with 4-(azidomethyl)benzeneboronic acid33 by a
Huisgen copper(I)-catalyzed azide−alkyne 1,3-dipolar cycloaddition
(CuAAC) reaction35 to prepare the PNRSS strand 14PBA, which
contained a single PBA. The product 14PBA was characterized by mass
spectrometry to confirm the successful conjugation (Supplementary
Figure 1). To prepare the streptavidin-tethered DNA complexes, the
PNRSS strands 14TAK and 14PBA, which contain a 5′ biotin-TEG
modification, were mixed with streptavidin at an equal molar ratio at
room temperature for 10min. The complexes obtained were used for all
downstream PNRSS measurements.
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