Computation-assisted nanopore detection of thorium ions

Golbarg M. Roozbahani’, Xiaohan Chen', Youwen Zhang', Oscar Juarez*, Dien Li’, and Xiyun Guan.”f

T Department of Chemistry, Illinois Institute of Technology, Chicago, IL 60616, USA
! Department of Biology, Illinois Institute of Technology, Chicago, IL 60616, USA
° Environmental Sciences and Biotechnology, Savannah River National Laboratory, Aiken, SC 29808, USA

Supporting Information

ABSTRACT: Thorium is a well-known radioactive and
chemically toxic contaminant in the environment. The contin-
uous exposure to thorium may cause an increased risk of de-
veloping lung and liver diseases as well as lung, pancreas and
bone cancer. Due to its use in nuclear industry and other in-
dustrial applications, thorium may be accidentally released to
the environment from its mining and processing plants. In this
work, we developed a rapid, real-time, and label-free nanopore
sensor for Th*" detection by using an aspartic acid containing
peptide as a chelating agent and tuning the electrolyte solution
pH to control the net charges of the peptide ligand and its met-
al ion complex. The method is highly sensitive with a detec-
tion limit of 0.45 nanomolar. Furthermore, the sensor is selec-
tive: other metal ions (e.g., UO,*", Pb**, Cu?*, Ni**, Hg?", Zn*',
As*, Mg?*, and Ca”") with concentrations of up to three orders
of magnitude greater than that of Th*" would not interfere with
Th* detection. In addition, simulated water samples were suc-
cessfully analyzed. Our developed computation-assisted sens-
ing strategy should find useful applications in the development
of nanopore sensors for other metal ions.

INTRODUCTION

Nanopore sensing is an emerging label-free and amplifica-
tion-free technique for measuring single molecules.! By moni-
toring ionic current modulations produced by the passage of
analyte molecules through a single nanopore (either a protein
ion channel 2 embedded in phospholipid bilayer or a synthetic
nanopore® fabricated in a solid-state membrane) bathed in high
salt solutions at a fixed applied potential, both the identity
(from the residence time and/or blockage amplitude) and the
concentration (by the event frequency) of the analyte can be
determined. In addition to biosensing,*” nanopore technology
could be used as a versatile tool to explore various other appli-
cations, for example, DNA sequencing,®® biomolecular fold-
ing/unfolding,! enzyme activity and kinetics,? and covalent
and non-covalent bonding interactions.!*!> Thus far, two ma-
jor strategies have been utilized to develop nanopore sensors.
One relies on construction of molecular recognition in the
nanopore interior, which can be achieved by introducing vari-
ous surface functional groups such as hydrophobic, aromatic,
positively charged, and negatively charged residues inside the
nanopore as the binding sites.'®!® The other takes advantage of

an external selective molecular probe (e.g., host compound,
complimentary single-stranded DNA, binding protein / anti-
body, or chelating agent) and detects analytes based on various
interactions such as host-guest, hybridization, protein-ligand,
and chelation (or coordination).>”!* Due to its simplicity and
flexibility, the molecular probe-based nanopore sensing tech-
nique has attracted increasing interest over recent years. Che-
lation interaction is a well-known technique to develop color-
imetric and fluorescent sensors for small molecules such as
metal ions and anions®’; however, nanopore detection of metal
ions using a chelating probe is still a challenging task. In part,
this is because it remains unclear how the nature (e.g., struc-
ture and charge) of the transported molecule is correlated with
its residence time and blockage amplitude in the nanopore.
Furthermore, metal ion—biomolecule interaction may induce
conformational change of the biomolecules, and its effect on
the event signatures is complicated, which makes the sensor
design more difficult and not easily predictable. For example,
addition of metal ions to a chelating biomolecule probe might
lead to the following four cases: 1) no change on the event
signature; 2) an increase in the event frequency; 3) a decrease
in the event count; and 4) appearance of a new types of events
with significantly different residence time and blockage ampli-
tude.>2"?2 Therefore, there is a need of rational strategy to
design nanopore sensors for metal ion detection. Herein, with
thorium ion detection as a model system, we report a computa-
tion-assisted nanopore approach for highly sensitive detection
of metal ions.

Thorium is a naturally occurring radioactive and chemi-
cally toxic element that is found at low levels in soil, rocks,
water, plants, and animals. It is a well-known carcinogen,
which has the ability to change genetic arrangements and can
be lethal at high doses. The continuous exposure to thorium
may cause an increased risk of developing lung and liver dis-
eases, as well as lung, pancreas and bone cancer.?>>* Thorium
has been applied in various industries including ceramics, gas
mantles, flame spraying, crucibles, medicine, non-silica opti-
cal glass, and catalyst. More importantly, thorium has been
used as a fuel in several nuclear power plants, > even though
uranium is the most commonly used fuel in nuclear power
industry. Although thorium is regarded as a safer fuel and will
generate less nuclear wastes, its potential wide-spread use in
nuclear power industry may exert increasing risks to the envi-
ronmental and human health. In addition, there are active de-
bates about whether thorium may be used in developing and



producing nuclear weapons.?” If so, to detect such material
production and weapon development activities are critical to
non-proliferation. Thus far, various analytical techniques have
been utilized for thorium detection, including flow-injection
analysis,?® inductively coupled plasma mass spectrometry
(ICP-MS),? neutron activation analysis (NAA),*® as well as
spectrophotometric,?!  fluorimetric,*? electrochemical,® and
radiometric** methods. However, most of these techniques are
laborious (e.g., involving with time-consuming pre-
concentration and/or radiochemical separation procedures),

and require the use of expensive and sophisticated instruments.

Therefore, it is highly desirable to develop new techniques for
thorium detection, which are easy to operate and potentially
field-deployable.

EXPERIMENTAL SECTION

Chemicals and Reagents. Peptide D-12, a 12-amino
acid peptide with a sequence of YEVHHQKDDPDD, was
obtained from WatsonBio sciences (Houston, TX). Other
chemicals such as Th(NOs): (99.999%), UO2(NOs),
(99.999%), Ca(NOs3)> (99.999%), Mg(NOs), (99.999%)),
Ni(NO3)>  (99.999%), Zn(NOs), (99.999%), Cu(NOs),
(99.999%), As(CDs (99.999%), Pb(NOs), (99.999%),
Hg(NO3)2(99.999%), NaCl (99.999%), HCI (ACS reagent, <1
ppm heavy metals), NaH,PO, (BioXtra grade, >99.5%), and
Trizma base (BioXtra grade, >99.9%) were bought from Sig-
ma (St. Louis, MO). All the chemicals, including the D-12
peptide, were dissolved in HPLC-grade water (ChromAR,
Mallinckrodt Baker). The stock solutions of the peptide and
metal salts were prepared at concentrations of 10 mM each,
and were kept at -20 °C before and after use. The buffer solu-
tions used in this study included: (1) 1.0 M NaCl and 1 mM
tris with pH values adjusted to 6.5 using HCI; (2) 1.0 M NaCl
and 1 mM NaH,PO,4 with pH values adjusted to 2.5, 3.5, 4.0,
4.5 and 5.5 using HCL Lipid 1,2-
diphytanoylphosphatidylcholine was purchased from Avanti
Polar Lipids (Alabaster, AL). Teflon film was obtained from
Goodfellow (Malvern, PA). The a -hemolysin ( a -HL)
(M113F); protein pores was made according to our previous
work.*

Planar Bilayer Experiments. Single channel record-
ings were carried out at 25 = 1 °C in a two-compartment
chamber, which was separated by a Teflon septum having a
150 B m diameter aperture. Briefly, the planar bilayer was
formed on the aperture of the Teflon film using 1,2- diphyt-
anoylphosphatidylcholine. Unless otherwise stated, the exper-
iments were carried out under symmetrical buffer conditions,
with the a -HL proteins added to the grounded cis compart-
ment, while metal ion salts and the peptide probe were placed
to the trans side of the chamber device. Currents were record-
ed with an Axopatch 200B amplifier (Molecular Devices,
Sunnyvale, CA, USA), filtered with a built-in four-pole low-
pass Bessel filter at 10 kHz, and then sampled at 50 kHz with
a Digidata 1440 A/D converter (Molecular Devices). The sig-
natures of current blockage modulations (i.e., events) were
determined by using Clampfit 10.5 software (Molecular De-
vice). Specifically, the conductance values and the mean resi-
dence time ( T or) of the D-12 peptide were obtained from the
amplitude and residence time histograms by fitting the distri-
butions to Gaussian and single exponential functions, respec-
tively.” The change ( A n) in the number of peptide D-12

events before/after addition of metal ions, including Th*', to
the electrolyte solution was calculated by using the equation
An =ny — n;, where no was the number of peptide D-12 events
in the absence of metal ions, while nl represented the number
of peptide D-12 events in the presence of metal ions. There-
fore, a positive value A n represents a reduction in the number
of peptide events after addition of metal ions to the electrolyte
solution. Each single-channel current trace was recorded for
10 min with an average of 650 events. At least three separate
experiments, in each of which a new protein nanopore was
used, were performed for each sample.

Circular Dichroism (CD) Spectroscopy. CD meas-
urements were performed using a Jasco-715 spectrometer
(Tokyo, Japan). Typically, 3-5 scans were recorded at room
temperature in the far-UV region ranging from 200 to 250 nm,
using a 1 mm optical path quartz cell. Both the peptide and
Th*" samples used in the CD experiments were prepared at
100 v M in electrolyte solutions containing 0.5 M NaCl and
0.5 mM Na,HPO, (pH 4.5).

Calculation of the charge state of peptide D-12. The
net charge of peptide D-12 is calculated based on the differ-
ence between the solution pH and the pKa value of each of the
positively charged (histidine and lysine) and negatively
charged (aspartic acid, glutamic acid, tyrosine) amino acids in
the peptide using the equation below.
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Where, Q" is the charge on n identical positively charged
amino acid and Q" is the charge on m identical negatively
charged amino acid, with a summation over the number of
particular type of amino acid (k) within the D-12 peptide.*®

RESULT AND DISCUSSION

Design of peptide probe D-12 and experimental condi-
tions for nanopore detection of Th** ions. Since the hydrated
ion radius of Th*" (between 0.95 and 1.14 A depending on its
coordination number”) is much smaller than the constriction
of the a -hemolysin (@ HL) pore (~1.5 nm), Th* species
themselves could not produce any observable current modula-
tion events in the nanopore due to their rapid translocation and
the resolution (~ 200 ps) of the electrophysiology set up used
in nanopore stochastic sensing. In order to detect Th*', a 12-
mer peptide with a sequence of YEVHHQKDDPDD was uti-
lized as a molecular probe. Metal ion - peptide chela-
tion/coordination interactions are well known due to the pres-
ence of potential donor atoms in peptides.’®** Metal chelates
of Th*" with aspartic and glutamic acids have been studied
potentiometrically.** Note that aspartic acid possesses three
potential donor sites (one amine and two carboxyl groups) and
is well known as a bi-, tri-, and monodentate and bridging
ligand.*""*® Furthermore, it has been reported that histidine
residues in the peptide display strong affinity for divalent or
trivalent metal ions due to the strong chelation/coordination
interaction.*



The initial experiment was performed at -80 mV with the
mutant a HL (M113F); protein pore in a buffer solution con-
taining 1 M NaCl and 1 mM NaH,PO, (pH 4.5). The mutant
a HL (M113F); nanopore was used as the stochastic sensing
element since this pore has been shown to offer an improved
sensor resolution/sensitivity (e.g., prolonged event residence
time for the analytes) over the wild-type a HL pore.'”> Our
computational prediction indicated that at pH 4.5, peptide D-
12 could serve as an effective chelating agent for nanopore
detection of Th*" ions, as such, a buffer solution of pH 4.5,
rather than the commonly used buffer solution of pH 7.4 (i.e.,
the physiological pH), was employed as the supporting elec-
trolyte in our investigation. It has been well established that
several factors, including the structural characteristics of the
nanopore and the nature (e.g., the surface charge) of the ana-
lyte, would strongly affect the resolution and sensitivity of the
nanopore sensor.* In our constructed nanopore Th*" sensor
system, the surface charge of the probe peptide is not only
dependent on the number and identities of the charged amino
acid components, but also affected by solution pH. As shown
in Figure 1, peptide D-12 had a net charge varying from -4.50
to +4.27 as the solution pH changed from 6.5 to 2.5. After
chelation with Th*, the net charge of the formed peptide-Th*
complex changed from -5.00 to +12.54, accordingly (note that
Th*" are prone to form eight-coordinate 1:2 (Th / D-12) stoi-
chiometric complexes, especially in acidic solutions*). It is
apparent that the most significant change in the charge state of
peptide D-12 (before / after addition of Th*") occurs at pH 4.5,
where the charge changed signs (from -1.52 to +0.96), alt-
hough we couldn’t rule out the possibility of pH 4.0, where the
transition occurred from almost neutral to charged species.
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Figure 1. The net charges of peptide D-12 and its thorium ion
complex at different pH values.

In the absence of Th*!, the interaction between peptide D-
12 and the a HL nanopore produced two major types of
events. One type showed a mean residual current (I;) of -14.5
+ 0.5 pA and a mean residence time of 0.57 + 0.03 ms, while
the other had a mean residence time of 0.13 + 0.02 ms but with
a large spread of blockage amplitudes (with a residual current
ranging from ~ -48 pA to ~ -20 pA). As reported previous-
1y*%3, these events were attributed to peptide D-12’s translo-
cation through and bumping into the nanopore, respectively.
Unlike most of the probe-based nanopore sensors reported
previously, where new types of events with significantly dif-
ferent signatures
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Figure 2. Nanopore detection of Th*" ions using peptide D-12 as
a chelating probe. (a) 0 nM; and (b) 200 nM Th**. (Left) Typical
single-channel current recording trace segments; and (Right) the
corresponding event amplitude histograms. The experiments were
performed at -80 mV with the (M113F)7 a HL pore in an electro-
lyte solution containing 1.0 M NaCl and 1 mM Na>HPOs (pH 4.5)
and in the presence of 20 1 M peptide D-12. Both the peptide and
Th*" were added to the trans compartment of the nanopore sens-
ing chamber. Dashed lines represent the levels of zero current.

such as residence time and/or blockage amplitude were ob-
served after addition of the target analyte into the probe-
containing solution,”**® we didn’t observe any significant
change in the event residence time or amplitude (Tor = 0.59 £
0.10 ms and I; = -14.3 + 0.2 pA for the translocation events),
but noticed a large reduction in the number of peptide events
after addition of a tiny amount of Th*" ions to the peptide D-12
solution. For instance, when 200 nM Th*" ions were added to
20 u M of peptide D-12 solution, the number of peptide
events decreased by 25.2 + 1.4% (Figure 2). Furthermore, our
experiments showed that the peptide event frequency de-
creased with the increased concentration of added Th*". One
likely reason for our observation might be attributed to the
conformational change of peptide D-12 induced by the metal
ion — biomolecule interaction so that these biomolecules be-
came larger than the nanopore opening and hence could not
enter and pass through the pore. This interpretation was sup-
ported
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Figure 3. CD spectra of peptide D-12 in the absence and presence
of thorium ions. Both the D-12 peptide and Th*' ions were pre-



pared at 100 1 M each in electrolyte solutions containing 0.5 M
NaCl and 0.5 mM Na>HPOs (pH 4.5).

by our CD experiments, where the CD profile of peptide D-12
was significantly different from that of the Th*" / peptide D-12
mixture (Figure 3). According to the secondary structure es-
timation using BeStSel analysis %7 of the CD spectrum of the
D-12 peptide solution (at pH 4.5), peptide D-12 showed 31.6%
antiparallel B -sheet, 15.3% turn, and 53.1% random coil
structures in the absence of Th*', while had 17.5% turn con-
formers, 30.6% antiparallel B -sheet, 48.1% random coil, and
3.8% alpha helix structures in the presence of Th*. The com-
bined results suggested that one out of twelve amino acid resi-
dues in the peptide D-12 molecule underwent the random coil
to alpha helix transition after addition of Th*" to the peptide
solution.

The effect of solution pH on the sensitivity and perfor-
mance of the nanopore sensor. To confirm our prediction
that pH 4.5 was the optimum solution pH for nanopore detec-
tion of Th*", the effect of Th*" on the translocation of peptide
D-12 in the (M113F); a HL nanopore was investigated in a
series of electrolyte solutions with different pH values, rang-
ing from pH 2.5 to pH 6.5. Our experimental results showed
that, in the absence of Th*' ions, as the pH value of the elec-
trolyte solution increased, the mean residence time of the pep-
tide events decreased (Figure 4a). The results were reasonable
since the net charge of peptide D-12 shifted from positive to
negative as the solution pH increased from pH 2.5 to pH 6.5
(Figure 1). Accordingly, under an applied negative potential
bias, the peptide molecules would be subjected to a larger
electrophoretic force, thus producing smaller residence time
events. In theory, an increase in the pH value of the electro-
Iyte solution would lead to an increase in the peptide event
frequency, which was not in agreement with our experimental
results that the number of peptide events first increased and
then decreased (Figure 4b). One possible reason for the disa-
greement might be attributed to the resolution of the single
channel recording setup so that many of the rapid peptide
events at pH 4.5, pH 5.5, and pH 6.5 were missed under our
experimental conditions. This interpretation was supported by
the observed blockage amplitude values of the peptide events
which also first increased and then decreased with increasing
solution pH (Figure 4c). Although the number of peptide
events obtained at pH 4.0 was larger than that of pH 4.5, the
electrolyte buffer solution of pH 4.5 was used in the remaining
experiments because addition of Th*" to the peptide D-12 solu-
tion produced a larger percent reduction in the number of pep-
tide events at this pH (Figure 4d). Specifically, after addition
of 200 nM Th*" ions to 20 1M peptide D-12, the number of
peptide events decreased by 25.2 + 1.4 % at pH 4.5 compared
to 10.9 = 0.5 % at pH 4. Note that the performance of our
nanopore Th*" sensor was dependent on the effect of thorium
ions on the frequency of the peptide D-12 events. Two condi-
tions must be satisfied to achieve highly sensitive detection of
Th*" ions: one is a large number of peptide events in the ab-
sence of Th*"; while the other is a large percent peptide event
reduction in the presence of Th*".

Effect of applied voltage bias on peptide D-12 transloca-
tion. It has been well established that physical conditions such
as solution pH, salt concentration, solvent, temperature, and
applied potential affect the translocation of molecules / ions

through channels, and have been employed to enhance the
nanopore resolution for the detection of various species.*®-*! In
this investigation (i.e., our developed nanopore Th*" sensor in
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Figure 4. The effect of electrolyte pH on the (a) residence time;
(b) number of occurrences; and (c) normalized blockage ampli-
tude (Iv/Io) of the peptide D-12; as well as (d) percent reduction in
the number of D-12 events after addition of Th*". The experi-
ments were performed at -80 mV with the (M113F); a HL na-
nopore in a series of electrolyte solutions with different pH values
and in the presence of 20 1 M peptide D-12. The concentration of
Th*" ions used in Fig. 4d was 200 nM.

a buffer solution of pH 4.5), a net negatively charged peptide
was used as a molecular probe. It is apparent that the applied
potential bias would also play a significant role in the sensor
sensitivity. To achieve the maximum nanopore resolution for
the detection of Th*, we investigated the translocation of pep-
tide D-12 in the nanopore at different voltages. Our experi-
mental results (Figure 5) showed that, with an increase in the
negative applied potential bias, the mean residence time of the
peptide events decreased, while both the peptide event block-
age amplitude and the frequency increased. This is not unrea-
sonable considering that a stronger electrophoretic effect
would be expected for a charged species at a larger applied
voltage bias. A voltage of -100 mV was chosen as the opti-
mum applied potential bias and used in the remaining experi-
ments because the bilayer at -120 mV was not as stable as it
was at -100 mV.
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Figure 5. The effect of the applied potential bias on the (a) num-
ber of occurrences; (b) blockage amplitude; and (c) residence time
of the peptide D-12 events. The experiments were performed with
the (M113F)7 a HL protein nanopore in an electrolyte solution
containing 1 M NaCl and 1 mM sodium phosphate (pH 4.5) and



in the presence of 20 1 M peptide D-12 at various voltage values
ranging from -40 mV to -120 mV.

Sensitivity and interference study of the Th*' nanopore
sensor. Under the current experimental conditions (i.e.,in 1 M
NaCl buffer solution of pH 4.5 and at an applied voltage bias
of -100 mV), the dose response of the nanopore Th*" sensor
was investigated, where we kept the concentration of the probe
peptide constant at 5 uM, but varied the Th* ion concentration
(ranging from 2.5 to 20 nM). 5 uM (instead of 20 pM) pep-
tide D-12 was used in this series of experiments because it
produced enough events for statistical data analysis without
consuming too much chemicals; further, the concentration of
the peptide would not affect the sensitivity of the nanopore
significantly due to the linear relationship between the peptide
concentration and its event frequency (Supporting Information,
Figure S1). We found that the reduction in the number of
peptide events increased with an increase in the concentration
of added Th*" ions (Figure 6a). The detection limit (which is
defined as the Th*" concentration corresponding to three times
the standard deviation of blank signal) of the sensor was 0.45
nM in a 10 min electrical recording. To our best knowledge,
such a detection limit, although not as impressive as that (20
pM) of ICP-MS, is much better than those (ranging from 2 nM
to 2.02 uM) of various other sensitive thorium detection
methods?** (Supporting Information, Table S1). This detec-
tion limit is more than good enough for analysis of thorium in
environmental samples (note that the World Health Organiza-
tion’s thorium concentration limit in drinking water is <1.06
uM?>?). It is worth mentioning that our developed nanopore
Th*" sensor has not yet been optimized. Significant improve-
ment in the sensor sensitivity and detection limit could be ex-
pected using a salt gradient instead of the symmetric electro-
lyte buffer condition employed in this investigation, as docu-
mented in our previous studies.>’
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Figure 6. (a) Dose-response curve; and (b) interference study of
the Th*" nanopore sensor. The experiments were performed at -
100 mV with the (M113F); a HL protein nanopore in an electro-
lyte solution containing 1 M NaCl and 1 mM NaxHPOs (pH 4.5)
and in the presence of 5 1 M peptide D-12. With the exception of
Th* (20 nM), and Ca®" / Mg?" (500 M each), the concentra-
tions of all the other metal ions shown in part b were 5 1 M each.
In Figs. 6a and 6b, the change (An) in the number of peptide D-12
events after addition of metal ions to the solution was calculated
by using the equation: An = no-ni, where no and ni represented the
number of D-12 events in the absence / presence of metal ions,
respectively.

In addition, the matrix effect on the nanopore sensor response
was also investigated. Nine metal ions (i.e., UO»?", Pb**, Cu*,

Ni*, Hg*, Zn*", As**, Mg*, and Ca*") were selected as poten-
tial interfering species to examine the selectivity of the na-
nopore Th*" sensor based on their similar chemical properties
and/or abundances in water. Except for Ca*" and Mg** (both at
500 u M), the concentrations of all the other metal ions used
in this investigation were 5 UM each. The experimental re-
sults were summarized in Fig. 6b. We found that the nine
metal ions could be divided into two categories, which showed
quite different responses to the nanopore sensor. Specifically,
the presence of Ca®" and Zn?" in the solution led to an increase
in the number of peptide events, while other seven ions caused
a reduction in the produced peptide event count. However,
since small event count changes (17.3 + 4.4 %, 1.0 £ 1.2 %,
12.5 + 41 %, 17.0 + 3.6 %, 52 + 1.7 %, 16.1 = 1.0 %,
12.144.7 %, 11.2 £1.6 %, and 10.9 = 3.9 % for Ca®", Zn*",
UO?*, Pb**, Cu®, Ni**, Hg?*, As*, and Mg?* respectively)
were obtained in the presence of relatively large (5 to 500 u
M) concentrations of interfering metal ions, the effect is negli-
gible, as a 58.2 = 1.7% decrease in the number of peptide
events was observed after addition of Th*" ions with concen-
tration of at least 250-fold less than other interfering species.
It is worth mentioning that peptide D-12 contains histidine,
aspartic acid, and glutamic acid residues, and hence could
potentially bind to a variety of divalent and trivalent metal
ions. However, our CD experiments (Supporting Information,
Figure S2) showed that binding of other metal ions to peptide
D-12 would not result in any significant conformational
change in the peptide molecule. Therefore, the high selectivi-
ty of the nanopore sensor toward Th*" further demonstrated
that the sensing mechanism of the nanopore Th*" sensor was
attributed to the conformational change in the peptide D-12
molecule due to the peptide-Th*" ion interaction.

Simulated water sample analysis. To show the potential
utility of our nanopore sensor in the analysis of environmental
samples, three simulated Th*'-contaminated water samples
were analyzed. These three water samples were prepared by
spiking 20 nM Th*" ions into the bottled spring water (Ice
Mountain brand), tap water (obtained from our life science
building), and lake water (from Lake Michigan). The results
are summarized in Figure 7. We found that the event reduc-
tion percentages (53.3 £3.9 %, 48.6 + 2.4 %, and 58.3 = 4.0 %)
of the three simulated water samples were similar to that (58.2
+ 1.7 %) of the Th*" standard solution, indicating that the ma-
trix component in the water would not affect Th*" ion detec-
tion significantly.

100

Figure 7. Simulated water sample analysis. The experiments were
performed at -100 mV with the (M113F)7; a HL protein nanopore



in an electrolyte solution containing 1 M NaCl and 1 mM
Na;HPOs (pH 4.5) and in the presence of 5 1M peptide D-12.
Labels S, L, T, and B represented the Th*" standard as well as
Th*"-containing lake water, tap water, and bottle water samples,
respectively.

CONCLUSION

In summary, we developed a nanopore based Th*" sensor
with an aspartic acid-containing peptide D-12 as a chelating
agent and by monitoring the effect of Th** on the translocation
of peptide D-12 in the nanopore. Similar to our previous ob-
servation with the interaction between UO,*" and a histidine
rich peptide, although the formation of Th* -peptide complex
did not affect the event residence time and blockage amplitude,
the percent reduction in the peptide translocation events could
be utilized for Th*" quantitation. Our experiments showed that,
for a peptide to be an effective ligand for nanopore detection
of metal ions, the net charge of the formed metal ion - peptide
complex should be significantly different from that of the free
peptide. It should be noted that, the surface charge of a pep-
tide ligand is not only dependent on the number and identities
of the charged amino acid components, but also affected by
solution pH. Therefore, given the peptide ligand composition,
the appropriate solution pH for nanopore detection of metal
ions could be logically predicted. Due to the high sensitivity
and selectivity, our developed nanopore sensor may find use-
ful applications in detection of Th*" in natural water for envi-
ronmental monitoring.
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