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Extended DataFig. 3| Single molecule sensing of Sc**, Dy*", Ho*, Y**, Er**, Tm*',
Yb** and Lu*". The measurements were carried out using MspA-NTA using
mono-ligand strategy. A + 100 mV bias was continually applied. In separate
measurements, ScCly-6H,0, DyCl;:6H,0, HoCl,;-6H,0, YCI;-6H,0, ErCl;-6H,0,
TmCl;-6H,0, YbCl;:6H,0, LuCl,-6H,0 were respectively added to trans with a
final concentration of 4 uM. (a, ¢, e, g, i, k, m, 0) Representative traces acquired
with Sc* (a), Dy** (c), Ho* (e), Y** (), Er** (i), Tm*" (k), Yb*" (m) or Lu** (0).In (a),

the trace segment acquired with Sc** was enlarged to show details. The reported
events were respectively marked with burgundy (Sc*), dark blue (Dy**), orange
(Ho*), purple (Y*>"), light blue (Er*"), light green (Tm*"), light pink (Yb*) or light
orange (Lu**) bars beneath the corresponding trace. (b, d, f, h,j,1,n, p) The
corresponding scatter plotsof ©¢-versus [ /respectively generated by results
of Sc* (a), Dy** (c), Ho** (e), Y** (g), Er** (i), Tm*" (k), Yb*" (m) or Lu* (0) sensing.
Eachscatter plot contains 50 events.
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Extended Data Fig. 4| Nanopore measurement with sequential addition of
different REE(III)s. The measurements were carried out using mono-ligand
strategy in a buffer of 1.5 M KCI, 100 mM MOPS, pH 7.0. MspA-NTA was used as the
sensor. During a continuous nanopore measurement using the same pore,
LaCl;-6H,0, CeCl;-6H,0, PrCl;-6H,0 and NdCl;-6H,0 were sequentially added to
transwith a final concentration of 4 uM for each component. A + 100 mV bias was
continually applied. (a) A representative trace acquired in the presence of La**.
Only La*> events were observed. (b) The event scatter plot of %/ versus Std
generated by results acquired as described ina. 147 events were used to generate
the scatter plot. (c) A representative trace acquired after further addition of Ce**.

Ce* events, appearing as deeper blockade events, were then observed. (d) The
event scatter plot of %/per versus Std generated by results acquired as described
inc.158 events were used to generate the plot. (e) A representative trace acquired
after further addition of Pr**. Pr** events appear as further deeper blockage
events. (f) The event scatter plot of %/ versus Std generated by results as
described in e.185 events were used to generate the plot. (g) A representative
trace acquired after further addition of Nd*>. Nd* events report the largest
blockage amplitude. (h) The event scatter plot of %/xer versus Std generated by
resultsacquired as described ing. 169 events were used to generate the plot.
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Extended Data Fig. 5| Representative dual-ligand events of different REE(III)s. The measurements were carried out in a buffer of 1.5 MKCI, 100 mM MOPS, pH7.0.
A +100 mV bias was continually applied.
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Extended DataFig. 6 | Single and triple level events. A sole REE(III) is first
chelated by the stationary ligand installed to the pore constriction, causing the
conversion from state (i) to state (ii). Afterwards, reversible switching between
state (ii) and state (iii) is happening due to further binding of the mobile ligand
(ANTA) to the bound REE(III) and its dissociation from it. This dynamic switching
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behavior generates clearly observable nanopore events, which are also defined as
dual-ligand events. For different REE(III), distinct event features were reported.
Generally, two types of events were observed. For La**, Ce®, Pr*, or Nd**, the
events contain only a single blockage level. Whereas, for S¢**, Y*, Sm*", Eu®>", Gd**,
Tb*, Dy*', Ho*, Er**, Tm*, Yb* or Lu**, the events contain three blockage levels.
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Extended Data Fig. 7 | Definition of 7,,. (a) The flow diagram demonstrating the single eventis collected for histogram plotting. The histogram plot of ¢, isfittoa

derivation of the 7,,. Only nanopore events with three-level transitions are single exponential curve according to the equationy = a*exp(-x/7), from which
selected for further analysis described here. Otherwise, the corresponding 7,, is the mean dwell time of level 1(z,,) is derived. (b) The statistics of 7,,. Each
assigned as 0. Among all three blockage levels, the lowest level is defined as level dual-ligand event with three-level transitions reports asingle 7,, value.

1,as marked on the trace. The dwell time of each level 1segment (¢,,) withina

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-025-01864-w

/4
a SC3~ /
64X
Lud+
i iby
5 4 Ima&
2 Ers*
E = zHOsQ .
S Xy LS
% Y D)‘/’s,Tb3‘ XSM* e
Ry Pr3*
3 =
3+
xC€
2 ]
La3+
,I

— — T T—T— T

0.86 1.04 1.08 1.12 1.16 1.20
lonic radius (A, CN = 9)

Extended DataFig. 8| The demonstration of Ig(t,,) acquired from dual-ligand
events of REE(III). During nanopore measurement using MspA-NTA, REE(III) was
added to the trans side with a final concentration of 40 pM. Simultaneously,
ANTA was added to cis with a final concentration of 40 pM. A + 100 mV bias was
continually applied. (a) The plot of Ig(raff) derived from dual-ligand events of
REE(IIl) compared with their ionic radius. Clearly, the Ig(z,;) decreases with the
increase of the ionic radius of REE(III). (b) The classification of REE(III) based on

Ig(roff). According to the plot, the REE can be classified to three groups as marked
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with different color shadings. This classification resultis consistent with the
definition of light REE (LREE), middle REE (MREE) and heavy REE (HREE)®. Here,
LREE consists of La, Ce, Prand Nd. MREE includes Sm, Eu, Gd, Tb and Dy. HREE
includes Y, Ho, Er, Tm, Yb and Lu. Three independent measurements (N = 3) were
performed for each analyte type to form the statistics. Data are presented as
mean values + SD. The error bars represent standard deviation values. All
detailed results discussed above are also listed in Supplementary Table 8.
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Extended Data Fig. 9| Nanopore analysis of astandard sample containing
Ce**,Nd*, Sm* and Y*'. (a) A continuous trace acquired with the standard
sample containing Ce*, Nd*", Sm** and Y**. 2.7 mg CeCl,-6H,0, NdCl;-6H,0,
SmCl;-6H,0 and 2.3 mg YCI,-6H,0 were dissolved in 30 mL ultrapure water to
reach the same concentration of 0.25 mM. Then, 2 pL above described sample
was added to the trans chamber. ANTA was added to the cis chamber with a final
concentration of 40 pM. A + 100 mV bias was applied. All nanopore events were
predicted by the previously trained Ensemble model and labeled accordingly.
(b) The 3D events scatter plots of %/, std and 1;; generated by results acquired
with (a). 278 events were included. The events demonstrated were acquired from
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a60 min continuous recording. The z-axis is linear from 0 to 0.02 ms and
logarithmic from 0.3 to 100 ms. (c) Comparison of the reported concentration of
Ce,Nd, SmandY, respectively derived from results of ICP-MS and the dual ligand
strategy. The true valueis also listed as a reference. The measured values of this
work were determined and calibrated according to that described in Methods.
During the quantitative analysis using ICP-MS and this work, three independent
measurements (N = 3) were respectively performed to form the statistics. Data
are presented as mean values + SD. The error bars represent standard deviation
values.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

D The statistical test(s) used AND whether they are one- or two-sided
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|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
Z~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data analysis Data analysis is performed by machine learning. The custom machine learning code, which is referred to as REE classifier, is shared on
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The source data underlying the main text figures (Figs. 1-5) and Extended Data Figs. are provided as source data files. Source data are provided with this paper. All
raw data used to train the machine learning model, is shared on Figshare. Please follow the link https://doi.org/10.6084/m9.figshare.25679331.v1 for download.
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Replication Replication is based on quantitative outcomes of experimental results. Replication of results can be clearly evaluated according to results
presented in the manuscript. We confirm that all attempts at replication are successful.
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