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Iminodiacetic acid modification enables 
nanopore identification of major divalent 
metal ions in natural water samples
 

Wen Sun1,2, Tian Li1,2, Zixuan Wang1,2, Yunqi Xiao1,2, Panke Zhang1, Kefan Wang1,2 & 
Shuo Huang    1,2 

Metal elements, critical to diverse industrial applications, also pose 
substantial environmental pollution risks when mismanaged. Conventional 
metal ion detection methods, however, are limited by high operational 
costs, bulky equipment and poor portability for on-site analysis, suggesting 
the need for an accurate, cost-effective and portable sensing strategy that 
is capable of addressing various metal ions directly from a heterogeneous 
sample. In this study, we engineered a Mycobacterium smegmatis porin A 
nanopore by incorporating an iminodiacetic acid ligand at its constriction 
site, creating a versatile sensor that is capable of simultaneously identifying 
ten divalent metal ions, namely, Sn2+, Cu2+, Pb2+, Cd2+, Mn2+, Zn2+, Fe2+, Co2+, 
Mg2+ and Ni2+. By integrating machine learning algorithms, this approach 
achieved a remarkable validation accuracy of 0.996. When applied to natural 
water samples, the strategy effectively demonstrated its practical utility for 
real-world environmental monitoring and metal ion detection.

Owing to their unique electronic and optical properties, metal elements 
are indispensable in industrial applications. For instance, diverse metal 
ions coordinate with ligands to construct functional materials with 
catalytic1,2 or magnetic3,4 properties. Beyond these technological uses, 
metals play critical roles in environmental homeostasis. Essential ions 
such as Mg2+ are vital for photosynthesis5 and carbon cycling6 to sustain 
ecological balance. Other key ions, including Fe2+, Zn2+ and Cu2+, serve 
as critical cofactors in metalloenzymes, driving fundamental biological 
processes such as oxygen transport7, electron transfer8 and nucleic acid 
synthesis9,10. Conversely, heavy metal ions pose critical risks: even at 
trace concentrations, they can disrupt aquatic ecosystems and accu-
mulate in food chains, threatening biodiversity and human health11. 
Consequently, monitoring the concentration and speciation of metal 
ions is essential to safeguard ecological equilibria and public well-being.

Established methods for metal ion detection, such as atomic 
absorption spectroscopy (AAS), inductively coupled plasma mass 
spectrometry (ICP-MS) and electrochemical approaches, each exhibit 

distinct advantages and limitations. As a cornerstone technique, AAS 
is widely employed for elemental composition analysis but is largely 
restricted to single-element detection12. ICP-MS offers exceptional 
sensitivity with low detection limits and multi-element capability, yet 
it demands high costs and specialized operational expertise13. Elec-
trochemical methods, including voltammetry, provide portability but 
suffer from critical drawbacks, such as poor reproducibility, limited 
long-term stability and frequent electrode fouling issues14,15. While 
these techniques are foundational in analytical chemistry, they com-
monly rely on bulky instrumentation, require sophisticated operation 
and struggle to balance sensitivity with portability. Consequently, there 
remains an urgent need to develop a portable, rapid and cost-effective 
strategy that can address these challenges, one that integrates high 
sensitivity, ease of use and field-deployable functionality for efficient 
metal ion detection.

As an emerging single-molecule sensor, nanopores are 
widely applied to characterize amino acids16,17, nucleic acids18 and 
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ineffective for metal ions commonly found in natural water, such as 
Cu2+, Mn2+ and Zn2+ (ref. 33).

To achieve reversible metal ion binding, we used iminodiacetic 
acid (IDA), a simplified tridentate ligand lacking one carboxymethyl 
group compared with NTA (Fig. 1c). For simplicity, the IDA-appended 
nanopore is referred to as MspA-IDA. Using MspA-IDA to sense Cu2+ 
revealed repetitive current transitions between the open-pore current 
(IIDA) and blockage current (Ib; Fig. 1d). These measurements, conducted 
under identical conditions to those for MspA-NTA (Fig. 1b,d), confirmed 
that IDA is more suitable for direct metal ion sensing. The results fur-
ther suggest that MspA-IDA has broad potential for detecting diverse 
metal ions. Details of the preparation of MspA-NTA and MspA-IDA are 
provided in the Methods, genes encoding MspA monomers are sum-
marized in Supplementary Table 1 and MspA-IDA conductance data 
are presented in Supplementary Table 2 and Supplementary Fig. 1.

Nanopore identification of various divalent metal 
ions using MspA-IDA
The sensing of diverse divalent metal ions (M2+) using MspA-IDA was 
subsequently explored (Fig. 2a). The IDA ligand, covalently attached to 
the nanopore constriction, coordinates with various M2+ ions, generating 
unique current signatures that can be used for identification (Fig. 2b). We 
demonstrated the stepwise, single-molecule construction of MspA-IDA 
via single-channel recording. Initially, the insertion of (N90C)1(M2)7  
(ref. 38), the unmodified MspA hetero-octamer (Supplementary Fig. 1 and 
Methods), into the lipid bilayer yielded an open-pore current (Io, Fig. 2c(i)). 
Upon adding IDA maleimide, an abrupt drop in current to IIDA (~130 pA) 
was observed, indicating successful pore functionalization (Fig. 2c(ii)). 
To validate the M2+ sensing capability of the functionalized pore, Mn2+ 
was used as a model analyte. The addition of Mn2+ to the trans chamber 
immediately induced reversible current transitions between IIDA and a 
blocked state (Ib, Fig. 2c(iii)), confirming the specific binding of the ion.

Control experiments with unmodified MspA hetero-octamer 
((N90C)1(M2)7) or MspA homo-octamer (M2 MspA) showed no 
binding events, highlighting the essential role of the IDA ligand 
(Supplementary Fig. 2). To identify suitable M2+ for MspA-IDA sensing, a 

saccharides19. For metal ion sensing, this can be achieved by engi-
neering metal-ion binding sites within the nanopore lumen20,21 or by 
monitoring differences in probe molecule translocation kinetics in 
the presence or absence of metal ions22–26. However, current research 
in this field is limited by two key challenges: the range of detectable 
metal ions using the same technique remains narrow and studies rarely 
extend to the analysis of heterogeneous samples, such as natural water 
samples. Mycobacterium smegmatis porin A (MspA), a conical biologi-
cal nanopore27, has primarily been used for nucleic acid28 and peptide 
sequencing29,30. With suitable adapters, it has previously been shown to 
identify ions31–33 and small molecules34,35. Although its high-resolution 
sensing of small molecules has suggested its potential to simultane-
ously identify a large variety of metal ions, the simultaneous identi-
fication of common metal ions, including Sn2+, Cu2+, Pb2+, Cd2+, Mn2+, 
Zn2+, Fe2+, Co2+, Mg2+ and Ni2+, by a nanopore in the same assay has never 
been achieved.

Screening of nanopore adapters for divalent metal 
ion analysis
In principle, the covalent attachment of a ligand to a nanopore con-
striction enables the engineered nanopore to detect any metal ion 
that binds to the introduced ligand. However, the direct and unam-
biguous identification of diverse metal ions from natural water sam-
ples requires the optimization of both the pore resolution and ligand 
binding strength. In our previous work, we conjugated nitrilotriacetic 
acid (NTA), a tetradentate ligand bearing three carboxymethyl groups 
branching out from a central nitrogen atom (Fig. 1a), to MspA to gener-
ate MspA-NTA. This modification induced the irreversible binding of 
metal ions such as Ni2+ and Cu2+ (ref. 36). While this irreversible chela-
tion strategy has endowed nanopores with sensing capabilities for 
amino acids34, the B vitamins37 and thyroid hormones36, it has proved 
unsuitable for direct metal ion detection. As demonstrated with Cu2+ 
as a model analyte (Fig. 1b), irreversible binding hinders dynamic sens-
ing. Although MspA-NTA has previously been used to sense rare earth 
metals, this required a secondary mobile adapter, an approach deemed 
experimentally cumbersome. Moreover, the dual-ligand strategy is 
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Fig. 1 | Nanopore engineering for divalent metal ion analysis. a,c, Schematic 
diagrams of MspA-NTA (a) and MspA-IDA (c). Compared with IDA, the NTA 
adapter contains an additional carboxymethyl group (violet region).  
b,d, Representative current versus time traces of Cu2+ sensing with MspA-NTA 
(b) and MspA-IDA (d). For MspA-NTA, Cu2+ binding induced an abrupt and 
irreversible decrease in the current. Here, INTA denotes the open-pore current of 
MspA-NTA (i, violet arrow) and Ib represents the Cu2+-induced blockage current 

(ii, blue arrow). In contrast, MspA-IDA sensing showed repetitive transitions 
between the open-pore current of MspA-IDA (IIDA, i, black arrow) and the Cu2+-
induced blockage current (Ib, ii, blue arrow). Measurements were performed as 
described in the Methods using a buffer of 1.5 M KCl and 100 mM MOPS (pH 7.0). 
A continuous transmembrane potential of +80 mV was applied. Cu2+, treated as a 
model analyte, was added to the trans chamber to a final concentration of 4 μM.
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screening assay was performed (Supplementary Fig. 3). Briefly, no sig-
nals were obtained for Ca2+, Sr2+, Pd2+, Ba2+ or Pt2+ (Supplementary Fig. 4); 
however, successful sensing of Sn2+, Cu2+, Pb2+, Cd2+, Mn2+, Zn2+, Fe2+, 
Co2+, Mg2+ and Ni2+ was observed, demonstrating the generality of 
MspA-IDA for sensing (Fig. 2d).

Similar measurements were performed with MspA-NTA, with 
Fe2+, Co2+, Ni2+ and Cu2+ all binding irreversibly to the NTA ligand 

(Supplementary Fig. 5). When Mg2+ and Sn2+ were analysed using 
MspA-NTA, reproducible events were observed (Supplementary Fig. 6), 
indicating that both metal ions interact reversibly with the NTA ligand 
under these conditions. In contrast, measurements of MspA-NTA with 
Mn2+, Zn2+, Cd2+ and Pb2+ yielded no detectable signals, demonstrating 
weak interactions between these metal ions and the NTA ligand under 
the measurement conditions (Supplementary Fig. 7). These findings 
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Fig. 2 | Nanopore identification of M2+ using MspA-IDA. a, Structure of MspA-
IDA, a hetero-octameric MspA nanopore featuring a single IDA adapter. Inset: 
top-down view of the MspA-IDA pore architecture. b, Mechanistic illustration 
of nanopore M2+ sensing: M2+ coordinates with the IDA ligand (red), generating 
characteristic nanopore binding events that can be used for ion identification. 
c, Single-channel recording of pore modification and metal ion binding. 
Single-channel recording was conducted using an (N90C)1(M2)7 construct (i). 
Covalent attachment of the IDA maleimide to the cysteine thiol at position 90 
of (N90C)1(M2)7 yielded MspA-IDA (ii), as evidenced by the abrupt current drop 
from the open-pore current of (N90C)1(M2)7 (Io) to the open-pore current of 
MspA-IDA (IIDA). Subsequent addition of MnCl2 to the trans chamber with a final 
concentration of 2 μM immediately induced highly characteristic binding events, 
appearing as reversible transitions between IIDA and the blockage current (Ib, iii). 

Measurements were performed in 1.5 M KCl and 100 mM MOPS (pH 7.0) under 
a continuous bias of +80 mV. d, Representative binding events acquired with 
different M2+ ions. From left to right: representative events of Sn2+, Cu2+, Pb2+, 
Cd2+, Mn2+, Zn2+, Fe2+, Co2+, Mg2+ and Ni2+. e, Violin plot of %Ib values for different 
M2+ binding events. Statistical analysis (n = 930 events) showed effective 
discrimination of metal ions based solely on %Ib. The width of the horizontal 
shaded area represents the probability density of the data distribution at each 
value. Each vertical diamond pattern represents an individual data point. f, A 
2D event scatter plot of %Ib versus Std for ten M2+ (n = 2,816 events). The event 
clusters of Sn2+ and Cu2+ show overlaps (indicated by red arrows). g, A 3D event 
scatter plot of %Ib, Std and toff for ten M2+. A new parameter, toff, is incorporated, 
with which all ten M2+ are completely distinguishable. In total, 2,816 events were 
included to generate the statistics.
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thus underscore the broader binding versatility of MspA-IDA for M2+ 
compared with MspA-NTA.

Event features were systematically characterized, including 
inter-event duration (ton), dwell time (toff), percentage blockage 
(%Ib = (Ib − IIDA)/IIDA) and current trace standard deviation (Std), as 
detailed in Supplementary Fig. 8. The corresponding data for all M2+ 
are presented in Supplementary Table 3. During M2+ sensing, within 
a specific range of M2+ concentrations, the event count for a specific 
M2+ per minute (F) exhibits a linear correlation with the concentration 
of the ion (Supplementary Figs. 9–18 and Supplementary Tables 4 
and 5). Quantitative analyses of the event features for all metal ions 
are provided in Supplementary Figs. 19 and 20. Notably, Cu2+ and 
Sn2+ induced positive-going events (Ib > IIDA, Supplementary Fig. 21), 
whereas all other M2+ ions produced negative-going events (Ib < IIDA, 
Supplementary Fig. 21), showcasing distinct sensing behaviours criti-
cal for ion discrimination. Unlike nanopore blockage caused by the 
translocation of macromolecules, metal ions are considerably smaller 
in size. Thus, the shape and polarity of nanopore events induced by 
metal ion binding may arise from multiple factors beyond just the 
size of the analyte. When captured by the IDA ligand, certain M2+ might 
simultaneously coordinate with neighbouring amino acid residues 
within the pore lumen. The resulting configuration may in turn gener-
ate a more open pore constriction, thereby producing positive-going 
events for certain types of M2+.

To mitigate interference from noise events, the density-based 
spatial clustering of applications with noise (DBSCAN) algorithm 
was employed to filter out events that do not form distinct clusters 
(Supplementary Figs. 22–26). The conical lumen of MspA provides 

high-resolution discrimination, enabling most M2+ ions to be identi-
fied solely by their percentage blockage (%Ib; Fig. 2e). Notably, Ni2+ 
exhibits exceptionally long event durations, ranging from minutes 
to hours (Supplementary Fig. 27), complicating collection within 
standard measurement periods and limiting the number of Ni2+ events 
in the statistical dataset. Despite this, the uniquely prolonged dwell 
time of Ni2+ events also allows for unambiguous identification. In the 
two-dimensional (2D) scatter plot of %Ib and Std for the ten M2+ ions 
(Fig. 2f), partial overlap is observed between the event populations 
of Sn2+ and Cu2+. However, incorporating a third parameter, event 
dwell time (toff), into a three-dimensional (3D) scatter plot of %Ib, Std 
and toff enabled clear discrimination of all ten ions (Fig. 2g). This dem-
onstrates the advantage of multi-feature analysis for unambiguous 
metal ion discrimination, surpassing single parameter approaches. 
In this Article, as summarized in Supplementary Table 6, the limit 
of detection (LOD) is defined as the minimum concentration of M2+ 
required to detect a minimum of two binding events during 10 min 
of continuous measurement.

So far, we have demonstrated simultaneous nanopore sensing of 
ten common M2+ under identical conditions, the largest such collection 
reported for a single nanopore measurement, excluding previous rare 
earth element studies33. However, the nanopore rare earth element 
sensor requires a secondary mobile ligand, which complicates the 
process, and was found to be unsuitable for metal ions such as Zn2+, 
Cu2+, Co2+ and Mn2+, which pose urgent challenges for environmental 
sensing applications. Notably, this is the first report of the nanopore 
sensing of Sn2+ and Mg2+, expanding the applicability of the technique 
to previously uncharacterized ions.
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Fig. 3 | Machine learning-based identification of M2+ ions. a, Workflow for 
machine learning classification. Each M2+ class contained 100 events, except 
Ni2+, which contained 30 events. Three event features, %Ib, Std and toff, were 
extracted to construct a feature matrix. Classification models were trained using 
MATLAB’s Classification Learner toolbox, with the performance evaluated via 
tenfold cross-validation. The ensemble model achieved the highest validation 
accuracy (0.996). b, Confusion matrix for the testing set using the ensemble 
model. True positive rates (TPR) and false negative rates (FNR) for each ion class 

are displayed on the right. c, Representative current versus time traces acquired 
during the simultaneous sensing of nine M2+. The events are shown in more detail 
in Supplementary Fig. 29. Metal ion salts, including acetates for Pb2+ and Sn2+ and 
chlorides for the other M2+, were simultaneously added to the trans chamber 
to give the following final concentrations: 1 µM Pb2+, 2 µM Co2+, 4 µM Zn2+, 5 µM 
Mn2+, Fe2+ and Cu2+, 10 µM Cd2+, 200 µM Mg2+ and 250 µM Sn2+. A continuous bias 
of +80 mV was applied. Events were predicted using the trained ensemble model 
and are labelled for each ion accordingly.
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Identification of M2+ by machine learning
To mitigate human bias and enable automated data analysis, machine 
learning was implemented using the results reported above (see Meth-
ods for details). The events of different M2+ classes were randomly 
selected to construct the dataset, with each class containing 100 events, 
except Ni2+, which included 30 events due to limited data collection 
efficiency. The dataset was partitioned into an 80% training subset and 
a 20% testing subset for model training and evaluation. Three event fea-
tures, %Ib, Std and toff, were automatically extracted to build the feature 
matrix. Using MATLAB’s Classification Learner toolbox (https://www.
mathworks.com/help/stats/classificationlearner-app.html), we trained 
three algorithms, naïve Bayes, ensemble and neural network, using ten-
fold cross-validation for performance assessment. The ensemble model 
achieved the highest validation accuracy (0.996) and a perfect testing 
accuracy (1.000), as detailed in Supplementary Table 7. This trained 
ensemble model was subsequently used to predict unlabelled events 
(Fig. 3a). The confusion matrix for the testing set (Fig. 3b) showed 100% 
accuracy across all classes, underscoring the high-quality discrimi-
native power of the dataset. To further validate model robustness, a 
learning curve analysis was performed (Supplementary Fig. 28). The 
results indicated that when the size of the training set exceeded 363 
events, the validation accuracy stabilized at 0.993, demonstrating 
consistent performance with increased data volume. A representative 
current trace acquired during simultaneous sensing of these M2+ ions is 
shown in Fig. 3c. Notably, Ni2+ was excluded due to its prolonged event 
duration, which complicates data collection. Considering the varying 
capture rates of different M2+ (Supplementary Table 8), the concentra-
tions of different M2+ were adjusted during mixed-sensing experiments 
to achieve a balanced event occurrence rate. For the measurements, 
metal ion salts, including acetates for Pb2+ and Sn2+ and chlorides for 
the other M2+ ions, were simultaneously added to the trans chamber 
to give the following final concentrations: 1 µM Pb2+, 2 µM Co2+, 4 µM 
Zn2+, 5 µM Mn2+, Fe2+ and Cu2+, 10 µM Cd2+, 200 µM Mg2+ and 250 µM Sn2+. 

Each event was subsequently predicted by the pre-trained ensemble 
model and labelled accordingly (Fig. 3c and Supplementary Fig. 29).

Event features were automatically extracted to generate scatter 
plots, with background noise events removed via DBSCAN (Fig. 4a,b). 
Using the trained model, unlabelled events were classified automati-
cally. In the derived 3D scatter plot of %Ib, Std and toff (Fig. 4c,d), event 
distributions exactly matched those observed in Fig. 2g, confirming 
consistent discriminative patterns across datasets. These results dem-
onstrate the successful construction of a fully automated classifier to 
identify diverse M2+ as a mixture.

Nanopore analysis of M2+ in natural water samples
Appropriate concentrations of essential M2+ in aquatic ecosystems 
play critical roles in biological metabolism39, whereas excessive heavy 
metal ions induce toxicity and disrupt ecological balance40. Thus, 
monitoring their concentrations in water bodies is vital to main-
tain ecosystem equilibrium and organismal health41. The machine 
learning-integrated method presented here offers exceptional sen-
sitivity and automated recognition capabilities, providing a robust 
tool for sustainable water resource management, pollution control 
and ecological protection.

To test the anti-interference capability of this method against 
natural water sample matrices, small molecules and macromol-
ecules that may exist in water samples, including glucose, glycine, 
humic acid and single-stranded DNA, were used as representative 
interferents. No corresponding events were detected with MspA-IDA 
(Supplementary Figs. 30 and 31), confirming the specificity of 
MspA-IDA for M2+ and validating its anti-interference capability. Six 
natural water samples from different geographical locations, namely, 
tap water, pond water, lake water, river water, seawater and salt lake 
water, were collected for nanopore measurements (Extended Data Fig. 1 
and Methods). These samples were selected due to their accessibility 
and importance in aquatic systems, allowing the performance of this 
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distribution of each M2+ type is consistent with those acquired separately (Fig. 2g).
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sensor with environmentally relevant M2+ to be evaluated. All samples, 
except the salt lake water, were further lyophilized and concentrated by 
different factors to obtain concentrates. To initiate nanopore measure-
ments, 10 µl of tap water, pond water, lake water and river water, 5 µl 
of seawater and 2 µl of salt lake water (concentrates or salt lake water 
stock solution) were directly added to the trans chamber. All events 
were then classified using the pre-trained ensemble model (Fig. 5a, 
Supplementary Fig. 32 and Methods).

Representative current traces acquired with natural water sam-
ples are shown in Supplementary Fig. 33. The corresponding 2D 
scatter plots of %Ib and Std for the six sample types (Fig. 5b–g and 
Supplementary Figs. 34–39) reveal that Mg2+, Zn2+ and Mn2+ were 
detected across all samples. Cu2+ was detected in all samples except 
river water, pond water and lake water. Its presence in tap water can 
probably be attributed to copper-based piping, with Cu2+ dissolution 
occurring during water transportation42. The river water sampled here 
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Fig. 5 | Nanopore analysis of M2+ in natural water samples. a, Workflow for the 
analysis of natural water samples. Water samples from distinct locations were 
collected and lyophilized (except for salt lake water) to obtain concentrates. For 
measurements, concentrates (or undiluted stock solutions for salt lake water) 
were added to the trans chamber (Methods). A continuous bias of +80 mV was 
applied during the measurements. Events were collected and classified using 
the pre-trained ensemble model. b–g, Photographs of the water sources and 2D 

scatter plots of %Ib versus Std for tap water (b, n = 653), pond water (c, n = 235), 
lake water (d, n = 344), river water (e, n = 1,512), seawater (f, n = 1,075) and salt lake 
water (g, n = 2,590). h, Quantitative analysis of M2+ in the natural water samples. 
The data represent the mean ± standard deviation (SD) of three independent 
measurements (N = 3). The error bars denote SD. i, Tabulated numerical data of 
the results shown in h.
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originates from a freshwater resource, where Cu2+ concentrations are 
probably below the detection limit under the measurement conditions. 
In seawater and salt lake water, the presence of Cu2+ or Pb2+ may be rel-
evant to anthropogenic activities such as shipping, agriculture and 
aquaculture43. The concentrations of M2+ in the natural water samples 
were also estimated (Fig. 5h,i and Methods). Notably, the failure to detect 
other M2+ in these assays may stem from two scenarios: either they are 
present in the samples but at concentrations below the assay’s LOD or 
they lack the binding specificity required to interact with the IDA ligand.

To validate the above results, a standard sample containing Zn2+, 
Mn2+ and Cd2+ with known concentrations was prepared. Briefly, 
ZnCl2, MnCl2 and CdCl2 were dissolved simultaneously in 30 ml of 
ultrapure water, resulting in a final concentration of 0.25 mM for each 
salt (Methods). For analysis, 10 ml of the above sample was used for 
ICP-MS measurements, whereas only 6 µl was required for nanopore 
analysis. As shown in Supplementary Fig. 40, these three M2+ ions 
were successfully detected by both ICP-MS and the nanopore. The 
quantitative results obtained by the nanopore approach were gener-
ally consistent with those from ICP-MS, as well as with the true con-
centrations of the standard sample, confirming the validity of this 
nanopore technique. In addition, the seawater sample was analysed 
quantitatively by ICP-MS. The results were generally consistent with 
the nanopore method (Supplementary Fig. 41), demonstrating that 
this nanopore technique is suitable for the quantitative analysis of 
M2+ in natural water samples. Therefore, by integrating both the quali-
tative identification and quantitative estimation capabilities, this 
method demonstrates substantial potential for environmental M2+ 
detection, enabling early risk assessment and supporting sustainable 
environmental management.

To explore the suitability of the technique for portable natural 
water analysis, all of the above measurements were also performed 
using a portable Orbit mini patch-clamp amplifier (Nanion Technolo-
gies; Supplementary Fig. 42). As a representative example, the con-
centrated seawater sample described in the Methods was used. For 
measurements, 5 µl of the seawater concentrate was added to the 
microfluidic chip, prompting the immediate emergence of distinct 
nanopore events. The corresponding 2D scatter plot of %Ib and Std 
exhibited a distribution consistent with that shown in Fig. 5, demon-
strating that a portable device can effectively analyse water samples. 
To further confirm the robustness of this method, we conducted meas-
urements to assess the long-term stability (Supplementary Fig. 43) and 
temperature resistance of the nanopore (Supplementary Fig. 44). The 
results demonstrate that nanopore sensing can be performed continu-
ously for hours and over a temperature range of 0 to 50 °C, confirming 
the suitability of the method for on-site detection, an essential feature 
for real-world environmental monitoring. Compared with established 
methods for M2+ analysis, this nanopore technique holds distinct advan-
tages in portability and cost. It offers the potential for miniaturized, 
field-deployable devices and notably lower operational expenses. In 
terms of robustness, the nanopore approach demonstrates superior 
performance over voltammetry, exhibiting enhanced signal reproduc-
ibility, stronger resistance to matrix interference and improved perfor-
mance under extreme conditions. However, its current form still shows 
a lower throughput and an unsatisfactory LOD compared with ICP-MS.

Conclusion
By chemically conjugating an IDA ligand to a hetero-octameric MspA 
(MspA-IDA), an engineered MspA nanopore with M2+ sensing capability 
has been developed. Under identical conditions, a total of ten common 
M2+, namely, Sn2+, Cu2+, Pb2+, Cd2+, Mn2+, Zn2+, Fe2+, Co2+, Mg2+ and Ni2+, 
could be simultaneously detected. By analysing the characteristics of 
the generated events, all ten metal ions could be discriminated from 
each other. When integrated with machine learning, a remarkable vali-
dation accuracy of 0.996 was achieved, underscoring the exceptional 
resolution and reliability of the strategy. This sensing approach was 

further validated through analysis of six natural water samples, namely, 
tap water, pond water, lake water, river water, seawater and salt lake 
water. Qualitative and quantitative profiling of the major M2+ ions in 
these natural water samples was achieved, demonstrating its practical 
utility in real-world environmental analysis. Compared with existing 
nanopore-based methods, the strategy presented here offers distinct 
advantages: it is simpler and provides higher-quality data with mini-
mal sample preprocessing. Notably, this research encompasses a wide 
array of M2+, many of which are critical to daily life and human health, 
expanding its relevance to diverse environmental and health monitor-
ing contexts. When paired with portable instrumentation, the method 
holds considerable promise for on-site, real-time metal ion detection, an 
attribute highly desirable for field applications. In the future, to increase 
the number of detectable metal ion types, a further optimized ligand 
compatible with more metal ion types may be developed or a multifunc-
tional array of multiple types of nanopore may be applied. Overall, these 
findings establish the developed nanopore metal ion sensor as a vital tool 
to advance environmental monitoring, support sustainable resource 
management and address emerging challenges in pollution control.

Methods
Nanopore preparation
All core measurements in this work were performed with MspA- 
IDA, which is an IDA-appended hetero-octameric MspA. This hetero- 
octameric MspA was prepared similarly to a previous report38. 
Briefly, two genes respectively coding for M2 MspA-D16H6 and N90C 
MspA-H6 (Supplementary Table 1) were simultaneously inserted into 
a pET-30a(+) plasmid and expressed with Escherichia coli BL21(DE3) 
pLysS competent cells (GenScript). A hexahistidine tag (H6) was added 
to the carboxy terminus of both genes to assist purification by nickel 
affinity chromatography. A 16 aspartic acid tag (D16) was added to the 
end of the M2 MspA-D16H6 gene to enhance discrimination between 
different assembly types of M2 MspA-D16H6 and N90C MspA-H6 dur-
ing gel electrophoresis. The target hetero-octameric MspA assembly, 
which contains a single unit of N90C MspA-H6 and seven units of M2 
MspA-D16H6, was collected during purification. For simplicity, this 
hetero-octameric MspA assembly is referred to as (N90C)1(M2)7.

Experimentally, E. coli BL21(DE3) pLysS containing the recombi-
nant plasmid was spread onto an Luria–Bertani (LB) agar plate sup-
plemented with 50 μg ml−1 ampicillin and 34 μg ml−1 chloramphenicol. 
Following incubation at 37 °C for 15 h, a single colony was selected and 
inoculated into LB broth containing the same antibiotics (50 μg ml−1 
ampicillin and 34 μg ml−1 chloramphenicol). The culture was incu-
bated overnight at 37 °C with shaking at 3 g until the optical density 
at 600 nm reached 0.7. Protein expression was induced by adding 
isopropyl-β-D-thiogalactoside to a final concentration of 0.1 mM. 
The induced culture was then shaken at 16 °C and 3 g for 24 h. Finally, 
bacterial cells were collected by centrifuging at 1,500 g for 20 min at 
4 °C, yielding a pellet for subsequent treatment.

The bacterial pellet was resuspended in 150 ml lysis buffer (100 mM 
Na2HPO4/NaH2PO₄, 0.1 mM EDTA, 150 mM NaCl and 0.5% (w/v) Genapol 
X-80, pH 6.5) and incubated at 60 °C for 50 min. The suspension was 
then centrifuged at 16,000 g for 40 min at 4 °C and the supernatant 
was collected. Nickel affinity chromatography was used for purifica-
tion, with the sample eluted using a linear imidazole gradient gener-
ated by mixing buffer A (0.5 M NaCl, 20 mM HEPES, 5 mM imidazole, 
2 mM TCEP and 0.5% (w/v) Genapol X-80, pH 8.0) and buffer B (0.5 M 
NaCl, 20 mM HEPES, 500 mM imidazole, 2 mM TCEP and 0.5% (w/v) 
Genapol X-80, pH 8.0). Eluted fractions were collected and analysed 
by 4–15% SDS–PAGE. Further separation of hetero-octameric MspAs 
was performed using 10% SDS–PAGE with a tris-glycine buffer sys-
tem. Following staining with Coomassie brilliant blue, the gel regions 
containing the target hetero-octameric MspA assembly were excised 
and immersed in de-staining solution (150 mM NaCl, 15 mM Tris-HCl, 
0.2% n-dodecyl-β-D-maltoside (DDM), 0.5% Genapol X-80, 5 mM TCEP 
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and 10 mM EDTA, pH 7.5) for 12 h. The target protein (N90C)1(M2)7 was 
recovered and stored at −80 °C for subsequent use.

Preparation of (N90C)1(M2)7 modified with different adapters
To conjugate (N90C)1(M2)7 to NTA, 1 μl (N90C)1(M2)7 was mixed with 
8 μl N-[5-(3′-maleimidopropylamido)-1-carboxypentyl]iminodiacetic 
acid (maleimido-C3-NTA) (20 mM, dissolved in 1.5 M KCl buffer) at room 
temperature for 4 h. The resulting product, referred to as MspA-NTA, 
was used immediately or stored at −80 °C for long-term preservation.

For the conjugation of IDA, 0.4 μl of pre-prepared (N90C)1(M2)7, 
0.6 μl of IDA maleimide (20 mM, dissolved in 1.5 M KCl buffer) and 4 μl 
of 1.5 M KCl buffer (1.5 M KCl and 100 mM MOPS, pH 7.0) were mixed 
at room temperature for 10 min. The IDA-modified MspA nanopore, 
denoted MspA-IDA for simplicity, was subsequently stored at −80 °C 
for long-term use.

Nanopore measurements
All nanopore measurements were performed as described previously33. 
Briefly, the measurement device consisted of two chambers separated 
by a Teflon film containing a 100-μm aperture. Before measurements, 
the aperture was treated with a 2% (v/v) hexadecane solution in pentane. 
The electrically grounded cis chamber and the opposing trans chamber 
were each filled with 500 μl of 1.5 M KCl buffer (1.5 M KCl and 100 mM 
MOPS, pH 7.0). Ag/AgCl electrodes were immersed in both chambers 
to establish electrical contact between the buffers and the patch-clamp 
amplifier. A 100 μl pentane solution of 1,2-diphytanoyl-sn-glycero-3-p
hosphocholine (5 mg ml−1) was added to both chambers for lipid bilayer 
formation. MspA-IDA was introduced into the cis chamber to initiate 
pore insertion. Following single nanopore insertion, excess nanopores 
were removed by exchanging the buffer in the cis chamber.

Single-channel recordings were acquired using an Axopatch 200B 
patch-clamp amplifier coupled with a Digidata 1550B digitizer. Signals 
were sampled at 25 kHz and low-pass filtered at a corner frequency of 
1 kHz. Unless specified otherwise, all measurements were performed 
in a 1.5 M KCl buffer solution (1.5 M KCl and 100 mM MOPS, pH 7.0) at an 
applied voltage of +80 mV. Analytes were added to the trans chamber 
at the desired final concentration.

Data analysis
Nanopore events were identified using the ‘single-channel search’ func-
tion in Clampfit 10.7. Axon ABF files were first imported into MATLAB 
via the ‘abfload’ function (downloaded from https://www.mathworks. 
com/matlabcentral/fileexchange/6190-abfload). Event features, 
including %Ib, Std and toff, were extracted using a custom algorithm in 
MATLAB. Scatter plots, histograms, violin plots and curve fittings were 
generated in Origin 9.2 (Origin Lab) and GraphPad Prism 9.

Machine learning analyses were conducted using MATLAB. Each 
analyte class comprised 100 events, except for Ni2+, which included 
30 events. The dataset was divided into an 80% training set and a 20% 
testing set. Features, including %Ib, Std and toff, were extracted to con-
struct a feature matrix. The training set was input into MATLAB’s Clas-
sification Learner toolbox for model training. Six algorithms, namely, 
support vector machine, k-nearest neighbours, ensemble, naïve Bayes, 
neural network and discriminant analysis, were selected and evalu-
ated. Based on tenfold cross-validation results and testing accuracy, 
the ensemble model was found to exhibit optimal performance.  
A confusion matrix generated from the training set was used to assess 
model performance. The trained model was subsequently applied to 
classify unknown events.

Sampling sites, times and depths
Tap water, pond water, lake water and river water samples were col-
lected in Nanjing, China, on 10 March 2024. Seawater was sampled 
from Xidao, Sanya, China, on 11 February 2024, while salt lake water 
was collected from Caka Salt Lake, Qinghai, China, on 4 August 2024. 

Among these samples, tap water was obtained directly from a faucet in 
the university laboratory; the other five water types were all collected 
at a depth of 0.5 m. The sampling locations of all six water samples, 
including their specific latitude and longitude coordinates, are shown 
on the map in Extended Data Fig. 1.

Nanopore analysis of natural water samples
Six types of natural water samples, namely, tap water, pond water, 
lake water, river water, seawater and salt lake water, were processed 
as described in Supplementary Fig. 32. These samples were subjected 
to freeze-drying at different concentration ratios: tap water and pond 
water were concentrated 25- and 30-fold, respectively, while lake water 
and river water were concentrated 40-fold and seawater was concen-
trated 5-fold. The resulting concentrates, along with the salt lake water, 
which was measured directly without freeze-drying, were then analysed 
using the nanopore approach.

During the experiments, 10 μl of the tap water, pond water, lake 
water and river water concentrates and 5 μl of the seawater concen-
trate were each separately added to the trans chamber to commence 
nanopore measurement. For the salt lake water sample, 2 μl of the 
stock solution was directly added to the trans chamber to initiate 
the measurement.

Nanopore analysis of the standard sample containing three 
types of metal ion
First, 1.0 mg ZnCl2, 1.4 mg CdCl2 and 0.9 mg MnCl2 were dissolved in 
30 ml ultrapure water to a final concentration of 0.25 mM for each 
salt. To initiate the measurement, 6 μl of the standard sample was 
added to the trans chamber. Nanopore measurements were carried 
out in a buffer comprising 1.5 M KCl and 100 mM MOPS, pH 7.0, under 
a continuous bias of +80 mV.

Quantification of metal ions
During the nanopore sensing of natural water samples, events were 
classified using the trained machine learning algorithm. By defining 
an experimentally measurable parameter F as the number of events 
generated by a specific type of metal ion per minute, a variety of metal 
ion concentration dependence measurements were performed using 
this nanopore approach (Supplementary Figs. 9–18). According to 
the experimental results, within a certain range of metal ion concen-
trations, the value of F is linearly dependent on the concentration of 
metal ions.

For a specific type of metal ion, the F value can be related to the 
metal ion concentration (C) as follows:

Fi = ai + biCi (1)

where the subscript i (ranging from 1 to 10) corresponds to Mg2+, Zn2+, 
Mn2+, Cu2+, Pb2+, Fe2+, Ni2+, Sn2+, Cd2+ and Co2+, respectively. The val-
ues of ai and bi, which are coefficients for specific types of metal ion, 
were derived from the linear fitting results acquired during the con-
centration dependence measurements (Supplementary Table 5 and 
Supplementary Figs. 9–18).

For the quantitative measurement of specific types of metal ion, 
using the coefficients ai and bi (Supplementary Table 5) and Fi values 
obtained from the respective measurements, the concentrations of 
specific types of metal ion can be calculated according to the following 
equation, derived from equation (1):

Ci =
Fi − ai
bi

(2)

ICP-MS analysis of the standard sample containing three types 
of metal ion and the seawater sample
All ICP-MS analyses were conducted using an Agilent 7850 ICP-MS 
system in ‘He’ mode. During ICP-MS analysis of the standard sample 
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containing three types of metal ion, the power of the ICP radio fre-
quency generator was 1,550 W, the sampling depth was 10 mm, the 
flow rate of the compensation gas was 0.2 l min−1, the atomizing gas 
flow rate was 1.01 l min−1, the plasma gas flow rate was 15 l min−1, the 
atomizing chamber temperature was 2 °C, the nebulizer pump speed 
was 0.1 r.p.s., the extraction lens 1 voltage was 0 V, the extraction lens 
2 voltage was −165 V, the omega deflection voltage was −95 V and the 
lens voltage was 7 V.

During ICP-MS analysis of the seawater sample, the power of the 
ICP radio frequency generator was 1,550 W, the sampling depth was 
10 mm, the flow rate of the compensation gas was 0.25 l min−1, the 
atomizing gas flow rate was 0.95 l min−1, the plasma gas flow rate was 
15 l min−1, the atomizing chamber temperature was 2 °C, the nebulizer 
pump speed was 0.1 r.p.s., the extraction lens 1 voltage was 0 V, the 
extraction lens 2 voltage was −145 V, the omega deflection voltage was 
−80 V and the lens voltage was 10 V.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available in the Article 
and its Supplementary Information. All of the data used to train, evalu-
ate and test the machine learning model are available via Figshare at 
https://doi.org/10.6084/m9.figshare.30102343.v1 (ref. 44). Source 
data are provided with this paper.

Code availability
The custom machine learning code is available via Figshare at https://
doi.org/10.6084/m9.figshare.30102343.v1 (ref. 44).
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Extended Data Fig. 1 | A sampling location map. Geographic coordinates (longitude and latitude) are annotated on the axes. The sampling locations of six water 
samples are indicated on the map, with their specific latitude and longitude coordinates. Basemap generated using the Mapping Toolbox in MATLAB (Mathworks) 
under license number 40821794.
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