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Abstract: D-amino acids, the stereoisomers of the more prevalent L-forms, are ubiquitously distributed across
microorganisms, plants, and mammalian systems. Recent advances have uncovered their indispensable roles in biological
processes, yet direct, single-molecule detection of D-amino acids has long been understudied. The simultaneous
discrimination of all amino acid enantiomers remains a formidable analytical challenge. Here, we report a nickel-ion
chelated hetero-octameric Mycobacterium smegmatis porin A (MspA) (MspA-NTA-Ni) nanopore sensor that achieves
simultaneous identification of all 19 D-amino acids corresponding to proteinogenic L-isomers. By integrating supervised
machine learning algorithms, this system demonstrated an overall recognition accuracy of 99.5%. The method was further
validated in analyzing acid-hydrolyzed D-peptide products, yielding clear compositional profiles of amino acid enantiomers.
Notably, the technology enables simultaneous sensing of all 39 amino acid enantiomers with an overall accuracy of 98.9%.
This approach not only allows direct characterization of DL-amino acid mixtures but also provides a critical sensor

component for nanopore-based exo-sequencing of D-peptides and D-proteins.

J

Introduction

Amino acid enantiomers arise from the tetrahedral config-
uration of the «-carbon atom, creating non-superimposable
mirror images.!'! D-amino acids, long considered non-
proteinogenic counterparts to their L-isomers, are now
recognized as ubiquitously distributed in nature.’] These
include, but are not limited to, peptidoglycan components in
Gram-positive bacterial cell wallsl®l and bioactive peptides
in antibiotics.[*°! Their roles extend to mammalian systems,
where D-serinel’l and D-aspartatel®! mediate critical neuro-
transmission and endocrine functions. Additionally, D-amino
acids endow peptides with proteolytic resistance, making
them promising candidates for therapeutic development
and food preservation.[’] However, their identical molecu-
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lar masses and physicochemical properties pose significant
challenges for stereospecific analysis.'’]

Existing analytical methods for amino acid enantiomer
discrimination include electrochemical fluorescence,['! pre-
column derivatization HPLC,'>!3] chiral stationary phase
chromatography, NMR,['*1°] and capillary electrophoresis.[!°]
These well-established techniques are widely used and
supported by mature instrumentation and standardized
protocols. However, these techniques often require exten-
sive sample preparation,[’*] rely on complex or specialized
instrumentation,!'”l and may lack real-time monitoring capa-
bility or portability.

Nanopore sensing is an emerging single-molecule
technique widely known for its use in nucleic acid
sequencing.['®2] Its success in nucleic acid sequencing
has also stimulated various recent approaches aiming for
nanopore protein sequencing.?'?°! Nanopore sensing of
amino acids has been previously demonstrated by solid-
state nanopores!?’] and metal-ion modified biological nano-
pores.[2#2831 A copper(I) modified «-hemolysin (e-HL)
nanopore has previously demonstrated direct discrimination
of amino acid enantiomers. However, restricted to a limited
resolution, only 5 pairs of amino acid enantiomers were
demonstrated.?®! Chiral peptides with amino acid differences
can also be discriminated by aerolysin,[*?] ¢-HL,[*1 OmpF,[*4]
FraC and CytK[®! nanopores. However, sensing and
discrimination of standalone amino acids was not reported by
these works.

Previously, by installing a nickel ion-bound nitrilo-
triacetic acid (NTA-Ni) adapter to a hetero-octameric
MspA ,[1824313638] simultaneous and unambiguous discrimina-
tion of all 20 proteinogenic L-amino acids and their represen-
tative post-translational modification were demonstrated.[>]

© 2025 Wiley-VCH GmbH
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This nickel ion-bound MspA nanopore (MspA-NTA-Ni)
is, in principle, also suitable for sensing of all D-amino acids
(Figure 1a), positioning it as a critical sensor component
for potential “exo-sequencing”!*] applications of D-peptide
or D-protein. Notwithstanding this potential, no nanopore
sensor has yet been demonstrated to resolve all amino acid
enantiomers simultaneously.

Results and Discussion
Sensing of D-amino Acids by MspA-NTA-Ni

Here, MspA-NTA-Ni is prepared (Figure S1) and used for
D-amino acid sensing (Figure 1b). Given that glycine, the
simplest proteinogenic amino acid, lacks an enantiomer, D-
alanine was chosen as the model compound for the feasibility
test (Figure 1c). Experimentally, the nanopore sensing device
consists of two opposing chambers filled with a 1.5 M KCl
buffer (1.5 M KCl, 10 mM CHES, pH 9.0). A pair of Ag/AgCl
electrodes, electrically connected to a patch clamp amplifier,
was inserted into each chamber, in contact with the buffer.
Conventionally, the electrically grounded chamber is defined
as the cis chamber, while its opposite compartment is defined
as the trans chamber. After the insertion of a single MspA-
NTA-Ni, measurements were conducted by continuously
applying a +100 mV bias. The conductance features of MspA-
NTA-Ni was also demonstrated (Figure S2 and Table S1). To
enable simultaneous discrimination of proteinogenic amino
acid enantiomers, the same conditions used for identifying 20
proteinogenic L-amino acids!*!! were deliberately employed.

Immediately after adding D-alanine to the cis chamber to
a final concentration of 2 mM, successive nanopore events,
manifested as repetitive switching between [, and I, were
observed (Figure 1c). However, this capacity could not be
achieved when an MspA containing no NTA adapter or an
MspA-NTA containing no Ni>* was tested (Figure S3). Here,
Iy and I, represent the current levels corresponding to the
unbound and amino acid bound states of MspA-NTA-Ni,
respectively. The frequency of these events increases as the
final concentration of D-alanine added to the cis chamber was
raised from 0.5 to 20 mM (Figure S4a—f), which confirmed that
I, was generated by the binding of the added D-alanine. Using
D-alanine as a model compound, the ability of MspA-NTA-Ni
to sense D-amino acids was effectively demonstrated.

To quantitatively characterize the sensing events, event
parameters including open pore current (f;), event current
(1), blockage depth (Al =1, — Iy), noise amplitude (SD),
event dwell time (t,4), inter-event duration (f,,), mean dwell
time (7,4) and mean inter-event duration (t,,) are defined
in Figure S5. For D-alanine, the reciprocal of the mean
inter-event duration (1/t,,, N = 3) is proportional to the
concentration of D-alanine. This finding is in line with a
bimolecular model (Figure S4g and Table S2). In contrast,
the reciprocal of the mean dwell time (l/t,5, N = 3) is
independent of the D-alanine concentration (Figure S4h and
Table S2), which is consistent with a unimolecular model.
Based on three independent measurements conducted under
the same conditions (N = 3), the event scatter plot of Af
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and SD derived from the D-alanine results exhibits a single
and narrowly distributed population of events, indicating a
high level of consistency and reproducibility of the events
(Figure S6a).

To testify the generality of this method, all 19 D-amino
acids were separately sensed (Figure 1d), according to results
of which, each type of D-amino acid reports a unique
event feature, which is desired for direct event identification
(Figures 1d and S6-S15). Similar to that reported by L-
amino acids,”! when probed by MspA-NTA-Ni, all D-amino
acids report positive-going events (I,>1j). Specifically, D-
arginine and D-lysine, which are positively charged, report
smaller 7, values. In contrast, D-aspartic acid and D-glutamic
acid, which are negatively charged, report larger 1,.>*] By
applying a +1 mV bias, which minimizes the contribution
of the electrophoretic force, amino acid events were still
detectable (Figure S16), suggesting that amino acids with
different charges can spontaneously diffuse to the reactive
adapter to trigger event generation. Moreover, amino acids
with different charges can be simultaneously sensed at the
same concentration, and there is no significant difference in
the event counts (Figure S17).

Although most D-amino acids produce a single type of
sensing event, D-histidine and D-proline could simultane-
ously report two types of events. This phenomenon may
result from distinct binding configurations influenced by the
imidazole side chain of D-histidinel*] and the cyclic structure
of D-proline. For clarity, different types of D-histidine and D-
proline events are respectively marked as type I and type II
events.

To evaluate the consistency of the results, under the
same conditions, all the above measurements were indepen-
dently carried out (N = 3), and highly reproducible data
were observed (Figures S6-S15). Corresponding core event
parameters (Al, SD, etc.) are summarized in Table S3. By
simultaneously considering Al and SD (Figure le), events
produced by 19 D-amino acids and glycine can be well dis-
criminated, though some event overlaps were still observed,
as shown for events within the black box in Figure le. Of
these, D-Ser, D-Ala, and Gly events overlap in the two-
dimensional scatter plot of Al and SD (Figure S19b), but
their event shapes are significantly different (Figure S19a)
and can be distinguished when their Spectral centroid param-
eter is simultaneously considered (Figures S18, S19). Here,
Spectral centroid represents the “center of gravity position”
of the spectrum energy distribution of the signal and is the
weighted average of the frequency components.*'] Gener-
ally, by the inclusion of the frequency domain parameter
Spectral centroid (Figure S18), nanopore discrimination of all
19 D-amino acids has been well demonstrated by MspA-
NTA-Ni (Figure 1f). However, after an extensive literature
search, it was found that the simultaneous discrimination of
all enantiomers of proteinogenic amino acids, which is crucial
for exo-sequencing of D-peptides or D-proteins, has not been
previously reported by any nanopore approach.

The higher analyte concentrations (0.5-20 mM) were
intentionally selected to ensure rapid data collection. Notably,
varying concentrations had no impact on event signatures
(Figure S20). Detection of other representative amino acids
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Figure 1. Discrimination of 19 D-amino acids and glycine using MspA-NTA-Ni. a) The structures of DL-amino acids. b) The molecular mechanism of
D-amino acid sensing performed by MspA-NTA-Ni. c) A representative trace acquired with D-alanine using MspA-NTA-Ni. Here, Iy represents the
open pore current level of MspA-NTA-Ni. [, represents the current level resulting from amino acid binding. d) Representative events acquired with
different D-amino acids using MspA-NTA-Ni. D-His and D-Pro both produce two types of nanopore events, respectively defined as type | and type II.
e) The event scatter plot of Al versus SD of events acquired with different D-amino acids and glycine. One hundred events acquired with each amino
acid were used to generate the plot. To clarify the detail, the events inside the black box are further zoomed in and shown in the right corner. f) The
3D event scatter plot of Al, SD and Spectral centroid (Figure S18) generated by events acquired with D-Ala, D-His, D-lle, D-Leu, D-Met, D-Gln, D-Ser,
D-Thr, D-Val, D-Tyr, and Gly. All corresponding events are marked in the black box in 3e. All nanopore results demonstrated in c-f were measured as
described in Methods. A 4100 mV bias was continually applied. Different amino acids were separately added to cis with a final concentration of

0.5 mM (D-Cys, D-Asp, and D-Tyr), 1 mM (D-Ser, D-GlIn, and D-Glu), 2 mM (D-Ala, D-Val, D-Met, D-Leu, D-Asn, D-Thr, D-Arg, D-Lys, D-Trp, D-Phe,
and D-His), 4 mM (D-lle), or 20 mM (D-Pro) (Figures S6-S15, Table S3).
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at micromolar levels further validates the applicability of this
method for low analyte concentrations (Figure S21). Going
forward, extended measurement time and large nanopore
arrays might be employed to further lower the detection
limit. Additionally, the sensing specificity arises from specific
interactions between the NTA-Ni adapter and the analyte.
Thus, high analyte concentrations do not produce signals
purely via mass action (Figure S22).

Identification of D-amino Acids by Machine Learning

To attain unbiased and automated event identification,
a customized machine learning algorithm was developed
(Methods). The entire machine learning process comprises
three modules: dataset input, feature extraction, and model
building. Specifically, a total of 6000 events, each separately
obtained from different D-amino acids and glycine, were
initially gathered to construct a dataset. Subsequently, this
dataset was partitioned into a training set (accounting for
80% of the data) for model training and a testing set
(20%) for model evaluation. Here, five time-domain features,
including blockage depth (AI), noise amplitude (SD), dwell
time (t,;), skewness (skew) and kurtosis (kurt)) of the
blockage level of each event was extracted using a custom
MATLAB code. Skewness quantifies the asymmetry of a
distribution, while kurtosis characterizes the sharpness of its
peak and heaviness of its tails (Figure S23). Furthermore,
the frequency-domain features, including Spectral centroid,
Main frequency, Spectral energy and Spectral entropy, were
obtained via fast Fourier transform (FFT)[*! of the time-
domain data (Methods). They respectively represent the
position of the spectral centroid, the frequency point with
the highest energy, the total energy of the spectrum, and
the uniformity of the spectral energy distribution. Here, the
inclusion of frequency-domain parameters, which capture
event details not readily apparent in the time domain,
provides a more comprehensive characterization of event
features. When combined with the five widely employed
time-domain features, this integrated feature set enhances
discriminative capability and thereby boosts the accuracy of
event identification.

To conduct comprehensive and accurate event analysis, a
9D feature matrix was constructed by integrating five time-
domain and four frequency-domain features. Every event
within this matrix was labeled according to the identity
of the analyte that generated it. Subsequently, the feature
matrix was imported into the Classification Learner tool-
box of MATLAB for model training. Seven widely-used
classifiers were evaluated, namely ensemble, SVM (Support
Vector Machine), decision trees, naive Bayes, neural network,
discriminant analysis, and KNN (k-Nearest Neighbor). To
prevent overfitting, the performance of each model was
assessed using 10-fold cross-validation. Among these clas-
sifiers, the derived cubic SVM model emerged as the top
performer, achieving an impressive validation accuracy of
99.5% (Figure 2a and Table S6). In contrast, when only a
2D or 5D matrix of time-domain features was employed as
the input dataset for training and validation, the validation
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accuracy decreased to 92.7% (Table S4), 98.3% (Table S5,
Figure S24). Notably, for specific D-amino acids, the inclusion
of frequency-domain parameters led to a substantial increase
in their true positive rate (TPR). For instance, the TPR of
D-Ala and D-Ser increased by 8.0% and 5.4% respectively
(Figure S24). Furthermore, the feature importance of the
optimized cubic SVM model is presented in Table S7, which
shows that all parameters play crucial roles. This finding
suggests that combining both time-domain and frequency-
domain characteristics of events improves the discrimination
of similar event signatures.

To assess the model training efficiency, the corresponding
learning curve was generated (Figure S25). The confusion
matrix generated by the cubic SVM model, as depicted
in Figure 2b, reveals that all D-amino acid events have
a minimum TPR of 98%, eight D-amino acids attain a
100% TPR, and the maximum false positive rate (FPR) is
only 0.13% (Table S8). This trained cubic SVM model was
further utilized for predicting unlabeled amino acid events
obtained from a mixture of 19 D-amino acids. Representative
traces are presented in Figures 2c—f, and all events were
predicted and labeled using machine learning (Figures 2c—f
and S26-S28). As an indicator of its performance, the
corresponding event scatter plot of A/ versus SD before and
after event identification by machine learning is shown in
Figure S29. In conclusion, with the assistance of the custom-
developed machine learning algorithm, automated and rapid
identification of all D-amino acids was achieved, even when
they were measured as a heterogeneous mixture. Notably,
the rigid conical pore lumen of MspA has provided highly
consistent event signatures. Moreover, the NTA-Ni adapter
is critical for generating distinctive event signatures, which
collectively provide high-quality training data for machine
learning model development.

To demonstrate concentration dependence (Methods), we
selected three representative D-amino acids (D-Phe, D-Met,
and D-Ser) for concentration-dependent assay. Notably, the
event dwell time (7,4) remained concentration-independent,
while the event appearance frequency (1/7,,) showed a linear
increase with analyte concentration (Figures S30-S32 and
Tables S9-S11). D-amino acid concentrations in mixtures can
also be quantified based on the calibrated event appearance
frequency (Figure S33 and Table S12).

Analysis of D-amino Acids in Acid Hydrolysis Products of
D-peptide

D-amino acids are ubiquitously distributed across diverse
organisms, serving as key components in short peptides,
peptidoglycans,[**] antibiotics,[*] toxins, and venoms.[*’]
However, despite extensive research, no naturally occurring
proteins composed entirely of D-amino acids have been
identified to date. Instead, D-peptides can be synthesized
via well-established solid-phase peptide synthesis (SPPS)
techniques.[*] Accumulating evidence suggests that mirror-
image peptides and proteins have garnered significant atten-
tion as promising therapeutic and enzymatic tools due to
their resistance to natural-chirality protease digestion and
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Figure 2. |dentification of D-amino acids by machine learning. a) The workflow of machine learning. Briefly, sensing events separately acquired with
19 D-amino acids and glycine were collected to form a dataset. Each class is composed of 300 events. From each event, different features were
extracted to form a feature matrix. Here, five parameters in the time-domain (Al, SD, t,g, skewness (skew) and kurtosis (kurt)) and four parameters
in the frequency-domain (Spectral centroid, Main frequency, Spectral energy and Spectral entropy) were extracted. Machine learning was performed with
the Classification Learner toolbox of MATLAB. Seven classifiers were evaluated with 10-fold cross-validation to screen the best-performing model. For
the nine-feature machine learning, the highest validation accuracy reaches 99.5%, achieved by the cubic SVM model (Table S6). b) The confusion
matrix of the testing set generated by the cubic SVM model of nine-feature machine learning. TPR (true-positive rate) and FNR (false-negative rate)
represent the correct or false classification of each true class, respectively. (c-f) Representative traces acquired during simultaneous sensing of all 19
D-amino acids. The measurements were performed as described in Methods. A bias of +100 mV was continually applied. All D-amino acids were
simultaneously added to cis. The final concentration of D-Trp, D-Tyr, D-Phe, D-His, D-Cys, D-Arg was 0.1 mM. The final concentration of D-lle, D-Glu,
D-Ala was 1 mM. The final concentration of D-Pro was 5 mM. The concentration of all remaining D-amino acids was 0.5 mM. All events were
automatically predicted and labeled by machine learning prediction results. The open pore current (lp) is marked with a dashed line in c-f. Zoomed-in
views of these traces are also shown in Figures S26-S28 to show more details.
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Figure 3. |dentification of D-amino acids produced by acid hydrolysis of D-peptide. a) The schematic diagram of the identification of acid hydrolysis
produced D-amino acids using MspA-NTA-Ni. Prior to the measurement, 6 M HCl was used to hydrolyze the D-peptide (FREDYTK) to generate the
D-amino acids (Methods), which were then identified by MspA-NTA-Ni, enabling analysis of the D-amino acid components of the original D-peptide.
b) Representative traces acquired with the acid hydrolysis product of the D-peptide (FREDYTK). D-amino acids were identified by measurement and
labeled by the corresponding results of machine learning. c) Noise reduction and event prediction. All data obtained from a 60 min continuous
recording were used. Left: The raw scatter plot of Al versus SD of events acquired with acid hydrolysis product of D-(FREDYTK) (n = 241). Middle:
The scatter plot of events however after noise reduction treatment performed by DBSCAN. The epsilon was set to 1.4, and the minimum points were
set to 5. Briefly, all scatter dots that fail to form a clear cluster were removed after the treatment. Right: The prediction of events by machine learning.
Seven populations, which respectively correspond to D-Lys, D-Arg, D-Phe, D-Tyr, D-Thr, D-Asp, and D-Glu were identified by machine learning. All
nanopore measurements were performed as described in Methods. A total of 10 uL acid hydrolysis product was added to cis prior to measurement.
The event identities (b-c) were predicted by the previously trained machine learning algorithm. The open pore current (lp) is marked with a dashed

line in b.

exceptional biostability.l*”*’1 Accurate identification of D-
peptide components is critical for advancing potential drug
candidates.®*] Although direct nanopore sequencing of D-
peptides remains unachieved, leveraging the high-resolution
capabilities of MspA-NTA-Ni, direct analysis of D-amino
acid compositions in D-peptides could, in principle, be
demonstrated in this study instead.

A synthetic D-peptide, D-(FREDYTK), composed exclu-
sively of D-amino acids, was custom-synthesized and
employed as a model compound for this demonstration
(Figure 3a). The peptide underwent acid hydrolysis using
6 M HCl at 110 °C for 20 hP®l to ensure complete cleavage
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(Methods). The hydrolysate was then neutralized with KOH,
lyophilized, and reconstituted in 1 mL of ultra-pure water
for subsequent nanopore analysis. For the measurement
setup, 10 puL of the prepared solution was added to the
cis chamber. The raw current trace obtained under these
conditions is shown in Figure 3b, revealing distinct event
signatures corresponding to different D-amino acids. Con-
tinuous data acquisition was performed for 60 min. All
recorded events were processed to generate an event scatter
plot (Figure 3c, left). To mitigate non-clustered background
noise, a DBSCAN (Density-Based Spatial Clustering of
Applications with Noise) algorithm was applied (Methods).
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Following DBSCAN clustering (Figure 3c, middle) and super-
vised machine learning classification (Figure 3c, right), seven
discrete event clusters were identified, corresponding to D-
Phe (F), D-Arg (R), D-Glu (E), D-Asp (D), D-Tyr (Y), D-Thr
(T), and D-Lys (K). Quadratic SVM under an error-correcting
output codes (ECOC) framework, implemented in MAT-
LAB, performs the classification (Methods). These results are
in full agreement with the expected amino acid composition
of the parent D-peptide, confirming the reliability of this
method for D-peptide composition analysis. By-products
of acid hydrolysis of D-peptide were not experimentally
observed, most likely due to their inability to interact with
MspA-NTA-Ni (Figure S34).

To further evaluate the utility of this nanopore system
for D-peptide compositional analysis, acid hydrolysis kinetics
of D-(FREDYTK) at multiple time points (4, 8, 14, and
20 h) were measured. The composition and abundance of
hydrolyzed D-amino acids at each time point were analyzed
using the trained machine learning model. As expected,
the proportion of detected D-amino acids progressively
increased with hydrolysis time (Figure S35). Additionally,
other D-peptides with distinct compositions were tested to
demonstrate the method’s generality (Figure S36).

Chiral Discrimination of Amino Acids

In nature, amino acids exist primarily as levorotatory
(L) enantiomers instead of their dextrorotatory (D)
counterparts."2] Metabolic and enzymatic processes exhibit
exquisite stereoselectivity,[>>>*] leading to distinct biological
activities and toxicological profiles between enantiomers
despite  their similar physicochemical properties.[*’!
Synthetic mirror-image proteins®>*! or naturally occurring
peptides,[>”*8] composed of arbitrary sequences of all amino
acid enantiomers, demand simultaneous enantiomeric
discrimination by nanopore as a prerequisite technology
for developing corresponding sequencing methods.

Building upon above findings, we expanded our database
to include all 39 amino acid enantiomers (Figures 4a,b)
to evaluate the discriminatory capacity of MspA-NTA-Ni.
Notably, glycine was excluded due to its achirality. Represen-
tative ionic current events of enantiomer pairs are visualized
in Figure 4b for direct comparison (Video S1). The signal-
to-noise ratio (SNR) across multiple nanopore recordings
was also evaluated to assess signal clarity and detection
robustness (Table S13). The t-distributed stochastic neighbor
embedding (t-SNE) algorithm was applied to reduce the
dimensionality from 9 to 2, enabling 2D visualization of
event distributions (Figure 4c). Although partial overlaps
persisted in the A versus SD feature space (Figure S37
and Table S14), simultaneous analysis of all 9 parameters
via a supervised machine learning pipeline achieved 98.9%
overall accuracy for all 39 amino acids (Table S16). In
contrast, however, a 5-dimensional feature space yielded
only 96.7% accuracy (Table S15). A comparison is also
shown in Figure S38, and the FPR is also summarized in
Table S17. By splitting the datasets differently and testing
with both five- or nine-feature models in the paired-sample ¢-
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test (Figure S39), a significant difference between five-feature
model and the nine-feature model (p < 0.0001) was observed,
further confirming the significance of the further included
frequency domain parameters.

The quadratic SVM model’s confusion matrix (Figure 4d)
demonstrated robust discrimination across all enantiomer
pairs. A zoomed-in confusion matrix is shown in Figure S40,
clearly demonstrating the misclassification patterns. Simul-
taneous sensing of 20 representative chiral amino acids,
including enantiomers of Phe, Trp, Asp, lle, Lys, Leu, Asn,
Ser, Thr, and Tyr was also performed using MspA-NTA-Ni.
Considering the differing capture rates of amino acid enan-
tiomers (Table S18), the concentrations of specific analytes
were adjusted during mixed sensing to achieve balanced event
appearance rates. A representative trace is also shown in
Figure 4e, and all events were automatically predicted by
machine learning (Figures 4e and S41, S42). Simultaneous
sensing of amino acid enantiomers with similar structural
features has also been demonstrated (Figures S43, S44). This
methodology paves the way for direct enantiomeric profiling
in complex matrices such as fermented foods!™! and food
additives,[*] offering a high-resolution tool for quality control
and safety assessment.

To demonstrate the discrimination of D- and L-amino
acids directly from the hydrolysate of a corresponding
enantiomeric D- and L-peptide mixture, L-(FREDYTK) and
D-(FREDYTK) mixture were hydrolyzed and sensed by
MspA-NTA-Ni (Figure S45). The analytical capability of
MspA-NTA-Ni for compositional analysis of mixed-chirality
peptides was validated by analyzing the hydrolysis products
of the chiral peptide Y(DA)GF(DL)[®!! (Figure S46).

To further elucidate the chiral recognition mechanism
of MspA-NTA-Ni, all-atom molecular dynamics (MD) sim-
ulations were performed (Methods), using D/L-Phe as
representative analytes (Figures S47-S49). Owing to the
configurational disparities between D-Phe and L-Phe upon
binding to NTA-Ni, distinct binding modes within the
pore lumen were observed in MD simulations, which are
a manifestation of chiral discrimination and correlate with
their different nanopore event features. While demonstrated
with representative analytes, these findings provide valuable
insight for understanding the underlying molecular mecha-
nism of chiral discrimination of amino acid enantiomers by
MspA-NTA-Ni.

Conclusion

MspA-NTA-Ni analysis of 20 proteinogenic L-amino acids
and their D-enantiomers revealed distinct event signatures
uniquely associated with each enantiomer, enabling direct
identification without prior separation. By incorporating
9 complementary event features, the system achieved a
99.5% validation accuracy for the 19 D-amino acids and
glycine. Simultaneous analysis of all 39 amino acid enan-
tiomers yielded an overall accuracy of 98.9%, a significant
improvement attributed to the inclusion of frequency-domain
features. This methodology was validated through direct sens-
ing of complex D-amino acid mixtures and acid-hydrolyzed

© 2025 Wiley-VCH GmbH
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Figure 4. Discrimination between D- and L-amino acids. a) The schematics of amino acid enantiomer sensing when measured with MspA-NTA-Ni. b)
Representative amino acid events acquired with MspA-NTA-Ni. Here, the results of 19 pairs of chiral amino acids and glycine are demonstrated in
pairs. Discrimination between D- and L-amino acids are clearly demonstrated. c) t-SNE plot generated by dimension reduction of 9 features to a 2D
visualization space, representing the 39 amino acid datasets (n=11700). d) The confusion matrix heatmap of results of 39 amino acids (Figure S40)
generated by the quadratic SVM model using the nine-feature machine learning. A validation accuracy of 98.9% is reported (Table S16). ) A
representative trace acquired during simultaneous sensing of 20 chiral amino acids. The measurements were performed as described in Methods. A
bias of 4+ 100 mV was continually applied. All chiral amino acids were simultaneously added to cis. The final concentration of (D, L)-Phe and (D

L)-Trp was 0.1 mM. The final concentration of (D, L)-Asp, (D

L)-lle, (D,

L)-Lys, (D

L)-Leu, (D, L)-Asn, (D, L)-Ser, (D, L)-Thr and (D, L)-Tyr was

0.5 mM. A zoomed-in view of this trace and other raw traces are shown in Figures S41, S42 to show more event details.
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D-peptide products, where compositional information was
immediately resolved. Manual calculations of separation
factors and mahalanobis distances were also performed
(Table S19), and the correlations among the features were
also evaluated (Figure S50). Some frequency-domain features
correlate with time-domain parameters (Figure S50) but
still provide complementary, non-redundant contributions
(Table S7) to model training. Unlike conventional resistive
pulse-based nanopore sensing for biomacromolecules, this
study employs a hetero-octameric MspA pore assembly
equipped with a single reactive adapter in a chiral sensing
environment, thereby achieving full chiral discrimination of
all proteinogenic amino acids. Beyond establishing a high-
resolution sensor for DL-amino acid analysis, this technology
provides a critical enabling component for nanopore exo-
sequencing*®! of mirror-image proteins in future prospects.
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