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We report a stochastic nanopore sensing method for the detection of Cu?>* ions. By employing a polyhistidine
molecule as a chelating agent, and based on the different signatures of the events produced by the
translocation of the chelating agent through an o-hemolysin pore in the absence and presence of target
analytes, trace amounts of copper ions could be detected with a detection limit of 40 nM. Importantly, although
Co®*, Ni**, and Zn?* also interacts with the polyhistidine molecule, since the event residence times and/or
blockage amplitudes for these metal chelates are significantly different from those of copper chelates, these
metal ions do not interfere with Cu®* detection. This chelating reaction approach should find useful
application in the development of nanopore sensors for other metal ions.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Nanopore stochastic sensors have emerged as a label-free and
amplification-free technique for various applications, including
biosensing (Gao et al., 2009), studying covalent and non-covalent
bonding interactions (Luchian et al, 2003; Zhao et al., 2008),
investigating biomolecular folding and unfolding (Shim et al,
2009; Talaga and Li, 2009), probing enzyme kinetics, sequencing
DNA molecules (Kasianowicz et al., 1996; Meller et al., 2000;
Howorka et al.,, 2001; Storm et al., 2005; Sigalov et al., 2008;
Jovanovic-Talisman et al., 2009; Derrington et al., 2010), and so on.
However, one major hurdle still needs to be overcome before
nanopore sensors could be deployed for routine use in the analysis
of real-world samples. Thus far, various reported applications of
the nanopores were mainly achieved by using protein ion chan-
nels. The high sensitivity and selectivity (i.e., molecular recogni-
tion) of these biological nanopores are accomplished by modifying
the nanopore interior to introduce a variety of new functions
(i.e., binding sites) at specific positions (Braha et al., 1997, 2000;
Movileanu et al., 2000; Cheley et al., 2002; Guan et al., 2005).
However, the protein pore sensors developed by this approach can
only be used for sensing a particular substance. To detect different
analytes, different nanopores having different binding sites need
to be produced, which is time-consuming and inconvenient.
Furthermore, the protein pore-based stochastic sensing is not
suitable as a deployable tool for extended usage due to the fragility
of the biological membrane used in such a sensing platform.
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It should be noted that development of synthetic nanopores in
robust solid-state substrates is currently under intense investiga-
tion. Although these stable artificial nanopores are ideal platforms
as portable/fieldable stochastic sensors, the current synthetic
nanopore technology provides a poor resolution and selectivity
due to the difficulty in imparting these nanopores with inner
surface functionalities. Therefore, to advance nanopore sensing
technology for field-deployable applications, there is a need for
the development of other sensor design methodologies, which
are fundamentally different from those used in the conventional
nanopore sensing.

Recently, highly sensitive and selective nanopore sensors for
the detection of Hg?* were successfully developed, where mole-
cular recognition of the sensors was achieved by using thymine-
containing DNA hairpins and based on the interaction between
Hg?* and DNA (Wen et al,, 2011; Wang et al,, 2013). Nanopore
analysis of metal-biomolecule interactions has also been investi-
gated by other researchers (Mereuta et al., 2012; Stefureac and Lee,
2008; Stefureac et al., 2010). They found that the event signatures
of peptides and proteins were significantly different in the absence
and presence of metal ions, which may be attributed to the
conformational change of the biomolecules induced by the metal
ion-biomolecule interaction (Stefureac et al., 2010). In this work,
we will demonstrate that a polyhistidine molecule can be utilized
as a probe to detect Cu?>" ions based on the chelating reaction
between them, providing further evidence that sensitive and
selective nanopore sensors could be developed without construct-
ing a binding site in the nanopore interior. It should be noted that
copper is an essential trace element that is vital to the human
health (Gaggelli et al., 2006). Overload or deficiency of copper is
associated with diseases of genetic origin such as Wilson disease
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(WD) and Menkes disease (MD), respectively. Further, elevated
levels of copper have been found in many types of human cancers
although mechanisms underlying this phenomenon is not entirely
elucidated (Tisato et al., 2010).

2. Materials and methods
2.1. Chemicals and reagents

Peptide H6 (Hexa-His, Sequence: HHHHHH) was purchased
from Genscript Corporation (Piscataway, NJ), while peptides H10
(Sequence: HHHHHHHHHH) and H3 (Sequence: GHHPHG) were
chemically synthesized by Biomatik Corparation (Wilmington, DE).
Other chemicals such as Cu(NOs);, (99.999%), Co(NOs), (99.999%),
Ni(NO3); (99.999%), Zn(NOs3), (99.999%), NaCl (99.999%), HCI (ACS
reagent, <1 ppm heavy metals), and Trizma base (BioXtra grade,
>99.9%) were bought from Sigma (St. Louis, MO). All of the
peptide samples and chemicals were dissolved in HPLC-grade
water (ChromAR, Mallinckrodt Baker). The stock solutions of metal
salts were prepared at concentrations of 1.0 mM each, while those
of peptides were prepared at 5.0 mM each, and were kept at
—20 °C before and after use. The electrolyte solution used in this
work contained 1.0 M NaCl and 10 mM tris, with the pH of the
solutions adjusted to pH 6.5, pH 7.5, or pH 8.5 using HCL. Lipid 1,2-
diphytanoylphosphatidylcholine was obtained from Avanti Polar
Lipids (Alabaster, AL). Teflon film was purchased from Goodfellow
(Malvern, PA). aHL protein pores were produced using a procedure
as described by our previous work (Wang et al., 2009).

2.2. Electrical recording

A bilayer of 1,2-diphytanoylphosphatidylcholine was formed on
an aperture (150 pm) in a Teflon septum (25 pm thick) that
divided a planar bilayer chamber into two compartments, cis and
trans. The formation of the bilayer was achieved by using the
Montal-Mueller method (Montal and Mueller, 1972). The experi-
ments were performed under a series of symmetrical buffer
conditions with a 2.0 mL solution comprising 1.0 M NaCl, and
10 mM Tris-HCl at 2241 °C. Unless otherwise noted, the oHL
proteins were added to the cis compartment, which was con-
nected to “ground”, while peptides and metal salts were added
to the trans compartment. The final concentration of the oHL
proteins used for the single channel insertion was 0.2-2.0 ng mL™ .
Currents were recorded with a patch clamp amplifier (Axopatch
200B, Molecular Devices, Sunnyvale, CA, USA). They were low-pass
filtered with a built-in four-pole Bessel filter at 10 kHz and sampled
at 50 kHz by a computer equipped with a Digidata 1322 A/D
converter (Molecular Devices).

2.3. Data analysis

Data were analyzed with the following software: pClamp 10.2
(Molecular Devices), Origin 8.0 (Microcal, Northampton, MA), and
SigmaPlot 12.0 (Systat Software Inc., San Jose, CA). Conductance
values were obtained from the amplitude histograms after the
peaks were fit to Gaussian functions. Mean residence times
(tofe values) for peptides and Cu(ll)-peptide complexes were
obtained from the residence time histograms by fitting the distribu-
tions to single exponential functions by the Levenberg-Marquardt
procedure (Movileanu et al., 2005). Each single-channel current
trace was recorded for at least 2 min. At least three separate
experiments were carried out for each sample.

3. Results and discussion
3.1. Effect of peptide probes on Cu?>* detection

The principle for nanopore detection of Cu?* ions is based on
the interaction between a copper-chelating agent and Cu®*. As
shown in Scheme 1, without Cu?* ions, the interactions between
the copper-chelating agents and the protein pore produce only one
type of events. In contrast, after addition of Cu®?* ions to the
solution, they will interact with the copper-chelating agent mole-
cules to form copper chelates. The interactions between these
copper chelates and the protein pore result in events having
significantly different signatures (e.g., residence times or blockage
amplitudes) from those in the absence of Cu?>~ ions, which permits
the copper chelates to be readily recognized.

To demonstrate this concept, our initial experiments were
carried out at pH 7.5 with three short peptides in the mutant -
hemolysin (M113F); pore in the absence and presence of Cu?*
ions. It has been shown that the (M113F); protein could provide an
enhanced resolution for biomolecule recognition compared with
that observed with the wild-type a-hemolysin pore. The peptides
used included H3, H6, and H10, which contains 3, 6, and 10
histidines, respectively. It should be noted that peptides possess a
range of potential donor atoms, and are very effective ligands for a
variety of metal ions with high specificities (Gaggelli et al., 2006).
The complexes formed exist in various conformations. Taking
histidine-containing peptides for example, the histidine residue
possesses a very efficient nitrogen donor in its side chain imida-
zole ring, and provides two nitrogen donors and a six-membered
chelate ring for coordination. Terdentate binding makes histidine a
primary low molecular weight chelator in living systems. It is
worth mentioning that the administration of Cu-histidine, when
initiated early in life, is the most effective treatment for Menkes
disease, a genetic neurodegenerative disorder due to the impaired
copper metabolism (Tiimer et al., 1996).

Our experimental results (Fig. 1) showed that, at +120 mV, the
event signatures (residence time and blockage amplitude) of
peptides H3 and H6 did not change much in the absence and
presence of Cu?* jons. However, when peptide H10 was used as
the chelating agent to detect copper ions, significant difference in
its event signature was observed before and after addition of Cu?*
ions. Specifically, in the absence of Cu?* ions, H10 produced a
single population of short-lived translocation events with a mean
residual current of ~15 pA and a mean residence time of ~3 ms,
which is typical for a short peptide of 10 amino acids (Movileanu
et al., 2005). In sharp contrast, upon addition of Cu?>* ions to the
electrolyte solution, in addition to the short-lived events, a new
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Scheme 1. Nanopore detection of Cu?* ijons using a chelating agent probe.
The interactions between the chelating agent and the nanopore in the absence
and presence of Cu?* ions produce events having significantly different signatures,
thus permitting the free chelating agents and Cu?*—chelating agent complexes to
be readily differentiated.
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Fig. 1. Typical single-channel current recording traces, showing the effect of peptide probes on Cu?>* detection. The experiments were performed at +120 mV with the
(M113F); a-hemolysin pore and three peptides H10, H6 and H3 in the (a) absence and (b) presence of Cu?>* ions in a buffer solution comprising 1.0 M NaCl and 10 mM Tris—
HCI (pH 7.5). Dashed lines represent the levels of zero current. The concentration of Cu?>* was 10 uM, while those of H10, H6, and H3 were 50 yM, 500 uM, and 10 uM,

respectively.
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Fig. 2. Event signatures of peptide H10 before and after addition of Cu®* ions. (a) Scatter plots of event residence time vs. amplitude; (b) amplitude histograms; (c) residence
time histograms of short-lived events; and (d) residence time histograms of long-lived events. The experiments were performed with the (M113F); a-hemolysin pore in a
buffer solution comprising 1.0 M NaCl and 10 mM Tris-HCl (pH 7.5) at +100 mV (cis at ground) in the presence of 40 uM H10 peptide samples.

type of long-lived events having a mean residual current of
~6.0 pA and a mean residence time of ~40 ms was observed
(Fig. 2). Furthermore, with an increase in the concentration of
added Cu?*, the frequency of the long-lived events increased,
while that of the short-lived ones decreased. It is apparent that
these long-lived events were attributed to the Cu?*-peptide
complexes. In addition to the peptide conformational change
(Mereuta et al., 2012; Stefureac and Lee, 2008; Stefureac et al.,
2010), another possible reason why the event signatures of H10
were significantly different before and after addition of Cu®* ions
is that free peptides and Cu?*-peptide chelates have different
charge states. It is well known that at pH 7.5, histidine is almost at

its isoelectric point, and hence peptide H10 would be neutral
molecules. After H10 molecules are complexed with Cu?* ions, the
Cu?*-peptide chelates are positively charged. The positively
charged nature of the copper chelates are supported by the voltage
dependence experiment, where the mean residence time of the
long-lived events first increased and then decreased significantly
as the applied potential bias increased (Supporting information,
Fig. S1a). This voltage dependent phenomenon is well documen-
ted for charged species in nanopores (Jayawardhana et al., 2009).
Since the largest residence time of H10 was observed at +100 mV
(Fig. S1), this voltage bias was used throughout the remaining
experiments unless otherwise noted.
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3.2. pH effect on the detection of Cu?>* ions

The protein ion channel properties such as conductance and
ion selectivity are sensitive to the pH of electrolyte solution
(Gu and Bayley, 2000; Gu et al., 2001; Merzlyak et al., 2005). For
example, Bayley and coworkers reported that when the pH of the
electrolyte decreased from 11.0 to 7.5 and then to 5.0, the charge
selectivity of the wild-type HL pore changed from cation selec-
tive to weakly anion selective, and then to anion selective
(Gu et al, 2001). Our previous studies demonstrated that a
reduction in the pH of the electrolyte solution could result in an
increase in the event frequency and residence time of biomole-
cules and terrorist agents in the nanopore, and/or improve the
event signature contrast between the target analyte and other
matrix components, thus offering an enhanced resolution and
better sensitivity for the nanopore sensor (de Zoysa et al., 2011;
Gupta et al, 2013). The improved nanopore resolution and
sensitivity might be attributed to several factors, such as the
enhanced electro-osmotic flow, the pH effect on the charge state
of the target analyte, and the analyte/protein ion channel structure
or conformational change.

To examine whether the pH of the electrolyte solution will affect
Cu?* detection, the interactions between peptide H10 and the
(M113F), pore in the absence and presence of Cu?* were investigated
in 1 M Nadl solutions at three different pH values (i.e., pH 6.5, pH 7.5,
and pH 8.5). Our experimental results (Fig. 3, and Supporting
information, Fig. S2) showed that, in the absence of Cu?>* ions, H10
produced events having a larger frequency but a smaller mean
residence time as the pH of the solution decreased. Although the
conductivities of these three different pH electrolytes were quite stable
(~79 mS/cm), the results are reasonable considering the charge state
of the peptide H10 at different pH values. As mentioned previously,
the pl (isoelectric point) of histidine is around 7.5, and hence, H10 is
positively charged at pH 6.5 while negatively charged at pH 8.5.
Therefore, under an applied voltage bias of +100 mV, the electro-
phoretic effect will facilitate the positively charged H10 (at pH 6.5) and
retard the negatively charged H10 (at pH 8.5) translocating through
the nano-channel, respectively. However, in the presence of Cu?™,
although the pH effect on the event frequency showed a same trend as
that without Cu*, the effect of the solution pH on the event residence
time was quite different from that in the absence of Cu?* ions
(Fig. 3, and Supporting information, Fig. S3). Specifically, when the
solution pH decreased from pH 8.5 to pH 6.5, the frequency of the
Cu®* -peptide complex events increased by 4.8 folds (from ~0.84 s~ !
to ~4.0s~ ! at 10 uM concentration of Cu®>*). Among the three pH
values, Cu?> " —peptide complexes showed the largest mean residence
time of ~186.6 ms at pH 6.5, while the corresponding event residence
times at pH 7.5 and pH 8.5 were 40.0 ms, and 80.1 ms, respectively. As
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discussed previously, as the solution pH decreased from pH 8.5 to pH
7.5 and to pH 6.5, peptide H10 was negatively charged, neutral, and
positively charged, respectively. After complexation with Cu?>*, the
charge state of the Cu?>*—peptide chelates should be more positive
than the free peptides. If the electrophoretic effect was the dominant
factor affecting the event residence time, Cu?>*—peptide complexes
should produce the smallest residence time at pH 6.5, which is not in
agreement with our experimental result. Therefore, it is more likely
that the event mean residence time of Cu?*-peptide chelates is
mainly affected by their structures or conformations. For example, the
solution pH might affect the stoichiometric ratio of the Cu?>* -peptide
complexes or the positions in the peptide chain at which histidines
bind to Cu?* ions. This interpretation is supported by both literature
and our dose-response experiment. It is well known that the
coordination properties of a histidine residue within a peptide
sequence depend enormously on its position in a peptide chain,
further, the metal-peptide complexes formed can exist in a variety
of conformations that are dependent not only on the concentrations of
both the peptide and metal ion but also on the pH of the reaction
medium (Daniele et al, 1991; Sjoberg, 1997; Gaggelli et al, 2003;
Belosi et al,, 2004). It was also reported that the solution pH would
affect the binding affinity of the Cu?* -peptide interaction significantly
(Viles et al., 1999). Our experimental results (Fig. 3) showed that, at pH
7.5, the event residence time was quite stable with an increase in the
concentration of added Cu?*, suggesting the formation of a fixed ratio
of Cu®*-H10 complexes. In contrast, at pH 6.5 or pH 8.5, the event
residence time increased as the Cu®>* concentration increased, indi-
cating that at these pH values, the formed metal-peptide complexes
might have different stoichiometric ratios or different conformations,
which is dependent on the concentrations of peptides and metal ions.
Since the event mean residence time of Cu®>* —peptide complexes was
quite stable at different copper concentrations at pH 7.5, it could serve
as a signature to differentiate Cu>* from other metal ions, and hence
this pH was used in the remaining experiments.

3.3. Selectivity of the Cu®* nanopore sensor

His-tagging is one of the most widespread strategies used to
purify recombinant proteins for biochemical and structural studies
because the histidine residues of the proteins could bind to several
types of immobilized metal ions, including nickel, cobalt and copper,
under specific buffer conditions. To test the selectivity of this
nanopore sensor, Co®>*, Ni>*, and Zn?* which have very similar
ligand-binding characteristics to Cu?>* were examined. Early studies
with other detection techniques have shown that these metal ions,
especially Ni?*, could potentially interfere with the Cu?* detection
(Liu et al, 1999; Yang et al, 2001; Dong et al, 2012). The Ni**
interference could be suppressed with the addition of other chelating
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Fig. 3. Effect of solution pH on nanopore detection of Cu?*. Dependence of the (a) event mean residence time and (b) frequency of Cu?>*-peptide complexes on the solution
pH and the concentration of added Cu?* ions. The experiments were performed with the (M113F); a-hemolysin pore in a buffer solution comprising 1.0 M NaCl and 10 mM

Tris-HCl at +100 mV in the presence of 40 uM H10.
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agents such as dimethylglyoxime (Liu et al, 1999). To improve
the selectivity for Cu?* detection, other non-chelating reaction
approaches are currently under intensive investigation. For example,
highly sensitive and selective detection of Cu?* has been achieved
based on Cu?*-controlled enzymatic/Cu®* -catalyzed chemical reac-
tions (Yin et al., 2009; Lou et al,, 2011; Yao et al., 2013). Our single-
channel recording experiments (Supporting information, Fig. S4)
showed that indeed all these three metal ions could interact with
H10 to form metal-peptide complexes. Fortunately, the event resi-
dual currents of Zn?>*-peptide and Cu?*-peptide complexes were
quite different (10.9 + 0.1 pAvs. 6.1 + 0.1 pA), which allows these two
complexes easily to be differentiated and even simultaneously
detected. On the other hand, although the events of Ni*>*—peptide
and Co?*-peptide complexes had similar blockage amplitudes to
those of Cu?*-peptide chelates, their event residence times were
much smaller than that of Cu?>*-peptide complexes (5.9 + 0.6 ms,
13.7 £ 0.8 ms, and 40.0 + 1.2 ms for Co?>*, Ni**, and Cu®*, respec-
tively). By using an appropriate residence time cut-off value
(e.g., 15 ms), we can separate the events of Cu®>*—peptide complex
from those of others, thus successfully analyzing Cu®* in the
presence of Ni** (Fig. 4) and/or Co®™. In the case of analyzing a
solution mixture consisting of Cu®>*, Ni2*, Co®*, and Zn?>* ions,
selective detection of Cu®* could still be achieved if only the events
having the residence times larger than 15 ms, and with residual
currents within the range from 4 pA to 10 pA were included in the
data analysis. Under this condition, the nanopore sensor responded
selectively toward Cu®* ions, by at least 6-fold or more, relative to
the other metal ions (Fig. 5). If equal concentrations of Cu®*, Ni>*,
Co®™*, and Zn?* ions were present in the solution mixture, ~77% of
the total events were contributed by the Cu?*-peptide complexes,
while 3.2%, 7.4%, and 12.6% of the events were due to Ni2* -, Co®* -,
and Zn?* -peptide complexes, respectively (Supporting information,
Fig. S5). Further improvement in the sensor selectivity was possible
by analyzing events within a narrower amplitude range. However,
this approach would result in a smaller event frequency, thus
requiring a longer single-channel recording time to collect enough
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Cu?* —peptide complex events. In addition, it is worth mentioning
that, by modifying the data analysis condition, e.g., only including
events with residual currents larger than 10 pA, and having the
residence times larger than 20 ms, our nanopore sensor can selec-
tively detect Zn>* ions in the presence of other metal ions.

3.4. Improving the sensitivity of the Cu?* nanopore sensor

Under the current experimental conditions (i.e., peptide H10,
a-hemolysin (M113); pore, pH 7.5, +100 mV applied voltage bias),
Cu?* ions could be detected with a detection limit (defined as the
concentration corresponding to three times the standard deviation
of a blank signal) of ~500 nM in a 1 min single-channel recording.
The relatively poor detection limit was mainly due to the low event
frequency (0.2 s~ ' uM~! Cu?*) of this sensing system. It should be
mentioned that this Cu?>* sensor had an extremely low background,
and hence increasing the event frequency offers the potential to
greatly lower its detection limit. Since the frequency of the Cu®*-
H10 complex events increased significantly with an increase in the
applied potential (Supporting information, Fig. S1), the feasibility of
utilizing the voltage-dependence to improve sensor sensitivity was
then investigated at +160 mV. Note that at this voltage, the mean
residence time of the Cu?*-H10 complex events was ~20 folds
larger than that of free H10 peptides, and hence could still be
readily recognized (Supporting information, Fig. S7). Although a
further increase in the applied potential may lead to more events,
the lipid bilayer used in the experiments would become less stable.
With this experimental condition, the detection limit for Cu?*
detection could be improved to ~40 nM (Fig. 5). In addition, our
experiments with the pH effect on Cu?* detection demonstrated
that the event frequency increased by ~ 3 folds when the solution
pH was reduced from pH 7.5 to pH 6.5 (Fig. 3). Although lowering
the pH of the electrolyte solution provides a feasible approach to
further improve the sensitivity for Cu?* detection, a disadvantage
of this approach is that the sensor selectivity will possibly be worse
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Fig. 4. Nanopore detection of Cu?* in the presence of Ni>* ions. The experiments were performed at +100 mV in the presence of 40 uM H10.
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Fig. 5. (a) Selectivity and (b) dose-response curve for the Cu?* ion nanopore sensor system. Only the events having the residence times larger than 15 ms, and with residual

currents within the range from 4 pA to 10 pA were included in the data analysis.

since the event residence time of the Cu®?*-peptide complexes
varied with the Cu?* concentration at pH 6.5, so that the events of
Cu?* -peptide and other metal-peptide complexes might overlap to
some extent, thus interfering with Cu?* detection.

4. Conclusions

A sensitive and selective nanopore sensor for the detection of
Cu?* ions was successfully developed by using a polyhistidine
molecule as a chelating agent. In our nanopore sensor design, the
chelating agent provides the required molecular recognition and
plays a major role in the sensitivity and selectivity of the nanopore
sensor. Hence, modification of the inner surface of the nanopore to
construct recognition sites for the target analyte is not necessary,
which simplifies the fabrication of nanopore sensors (refer to
Supporting information, Fig. S5, for Cu?>* detection with the wild-
type o-hemolysin pore). This nanopore sensor design strategy
should find useful application in the development of stochastic
sensors for other substances, especially in situations where con-
struction of binding sites in the nanopore interior is difficult.
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