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Nanopore sensor for copper ion detection using
a polyamine decorated B-cyclodextrin as the
recognition element

Yanli Guo,* Feifei Jian and Xiaofeng Kang*

A novel and simple nanopore sensing method has been developed for the detection of Cu'" ions using
polyamine decorated cyclodextrin as the recognition element. The strong binding affinity between Cu"
and the amino groups of cyclodextrin inside an a-hemolysin pore causes the new current blockade
events. The event frequency is linear for concentrations of Cu' in the range 0.08-20 pM. The detection
limit is as low as 12 nM. More significantly, the sensing system is highly specific for Cu" and does not
respond to other metal ions with concentrations up to 10 fold that of Cu'. The applicability of this sensor
has also been verified by the analysis of Cu'" ions in running water, suggesting the potential application of

rsc.li/rsc-advances this sensing system.

1. Introduction

Nanopore stochastic sensing based on single-molecule recog-
nition is an emerging analytical technique on account of having
high sensitivity and being rapid and low-cost.** The principle of
nanopore sensing is to monitor the ionic current modulation
caused by analytes driving through nanopores under a fixed
applied voltage.* The characteristics of current modulation
signatures, including frequency, amplitude and dwell time,
depend upon the size, charged status and concentration of the
analytes. In this way, nanopore sensing has been used
successfully to detect a wide variety of substances, ranging from
tiny metal ions*® to organic molecules” and even biological
macromolecules such as nucleic acids,'*™* protein and
peptides.’®” Furthermore, protein nanopores have shown
attractive prospects as a next-generation DNA sequencing
platform."®

So far, sensing metal ions with an o-hemolysin (aHL)
nanopore can be realized in two ways. One is to mutate the
protein to construct binding sites in the lumen of aHL. Choi
and Mach used an oHL mutant pore with four cysteine muta-
tions to detect Ag' and Cd™.* Braha's group reported simulta-
neous detection of Zn", Co™ and Cd" using an engineered pore
containing histidine residues.”® Similar research has been
conducted by Kasianowicz et al.** Another method is based on
the interaction of metal ions and DNA or peptides. Pb" was
successfully detected by inducing the conformational change of
the G4 DNA aptamer.> Wen and colleagues designed specific T-
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rich DNA oligomers as probes to detect Hg" ions.* Subse-
quently, they extended this strategy for the detection of Pb™ and
Ba" ions.’ Furthermore, a polyhistidine peptide chain was
exploited to detect Cu" based on the chelating reaction by Wang
et al.”® However, effective sensors with good selectivity, repro-
ducibility and maneuverability are rare. There are still some
problems that remain to be solved. First, it is difficult to operate
and imitate for the method of modifying the nanopore interior
due to the complexity of mutagenesis and separation of protein
nanopore. Second, strong background disturbance exists in
detecting low concentration metal ions, limiting the sensitivity
of the method. Therefore, there is an upsurge of need in the
development of a new approach to overcome these limitations.

In the present work, we used the polyamine decorated
cyclodextrins as recognition element in aHL pore for the highly
sensitive and selective detection of Cu" ion, which is a well-
known heavy metal and plays a vital role in many biological
processes.>?® Its concentration will directly affect people's
health.”””® As is well known, cyclodextrins could be lodged
noncovalently within the lumen of the aHL pore and produced
a substantial and incomplete channel block.” The host-guest
inclusion of cyclodextrins with analytes could generate addi-
tional transient reductions in the current, which permitted the
analytes to be identified and quantified.** Modified B-cyclo-
dextrins (BCDs) have been also covalently attached to the pore to
differentiate deoxynucleotides with over 99% confidence.*
Moreover, chiral discrimination was achieved by aHL pore
equipped with the BCD adapter.*” However, previous studies
involving cyclodextrins have been mainly focused on organic
molecules,*** no attention has been paid to the applications for
metal ions. Herein, we detect Cu" for the first time with oHL
nanopore containing a functionalized cyclodextrin. In this
method, mutating the protein to construct binding sites for the
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Cu" is not necessary, which simplifies the fabrication of nano-
pore sensors. More importantly, we validated the practicality of
this method for the detection of Cu" in environmental samples
through analyses of running water.

2. Experimental section

2.1. Reagents and materials

The (WT),, (M113F); and (M113R); oHL protein were synthe-
sized and purified according to the methods reported from
documents.”* All the metal salts, CuCl, (>99%), HgCl, (>99%),
CuCl, (>99%), ZnCl, (>99%), MgCl, (>99%), CdCl, (>99%),
Co(NO;), (>99%), Ni(NO;), (>99%), Mn(NO,), (>99%), TbCl,
(>99%), GdCl; (>99%), Dy(CH3COO0), (>99%), purchased from
Aladdin and were prepared at concentrations of 10.0 mM each.
Heptakis-(6-deoxy-6-amino)-p-cyclodextrin  (am,BCD) (>99%)
was obtained from Cycloab (Budapest, Hungary). Both NaCl
(>99%) and Tris (>99%), used to prepare electrolyte solution,
were obtained from Kermel Chemical Reagents Co., Ltd.
(Tianjin, China). It should be noted that the pH of the electro-
lyte solutions adjusted by using hydrochloric acid. All reagents
were dissolved in ultrapure water. Teflon film (25 pm) was
ordered from Goodfellow Corp. (Malvern, PA, USA). The 1,2-
diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) used for
planar bilayer lipid formation was gained from Avanti Polar
Lipids (Alabaster, AL, USA). Running water sample was
collected from Northwest University (Xian, China). The sample
was filtered through a 0.22 pym membrane (Shanghai Xin Ya
Purification Equipment Co., Ltd., China) prior to the detection.

2.2. Single channel recording

Single channel electrical measurements were carried out by
using traditional methods. For simplify, planar lipid bilayer
membranes of DPhPC were typically created using the method
of Montal and Mueller®® on an aperture 120-150 um in diameter
in a Teflon film which separates two identical compartments.
Each compartment was filled with 1500 pL of buffer solution
(cis buffer and trans buffer). Both sides of aperture were pre-
treated with a 10% v/v hexadecane/pentane mixture before the
addition of buffer solution. Then the compartments were both
injected with 900 pL buffer solution to the level just below the
aperture and lipid solution was added to buffer. When the
pentane was evaporated, solvent-free lipid monolayer formed at
the solution-air interface. The remaining 600 pL buffer solution
was introduced to compartments until the level of buffer rose
above the aperture. Unless otherwise stated, (M113F), pores
were added to the grounded cis compartment (0.05-0.2 ng
mL ™). After the successful insertion of a single aHL pore,
copper ions and am,BCD were added to the cis and trans
side respectively. The single channel current was detected
with two freshly prepared Ag/AgCl electrodes, collected with
a patch clamp amplifier (Axopatch 200B, Axon Instruments,
Foster city, CA, USA) and filtered with a low-pass Bessel filter
with a corner frequency of 5 kHz and then digitized with
a Digidata 1440A A/D converter (Axon Instruments) at
a sampling frequency of 20 kHz.
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2.3. Data analysis

Single channel current recordings were performed and analyzed
with pClamp 10.3 (Axon Instruments). Origin 8.5 (Microcal,
Northampton, MA) was employed for histogram construction,
curve fitting and graph presentation. Both the values of 7., (the
mean interevent interval) and 7.¢ (the mean dwell time) for
am,BCD-Cu"" complexes, were obtained from the dwell time
histograms by fitting the distributions to single exponential
functions by the Levenberg-Marquardt procedure.’® The
current blockades were produced by the fitted Gaussian
distributions.

3. Results and discussion
3.1. The principle of the Cu™ detection

Inspired by the successful applications of copper complexes of
polyamines decorated cyclodextrin® and the wealth of infor-
mation about cyclodextrins interacted with oHL nanopore,* we
designed that a simple but efficient Cu" ions sensor which
could be operate easily under mild conditions. As shown in
Scheme 1, we used pB-cyclodextrin with the seven primary
hydroxyls replaced with amino groups (heptakis-(6-deoxy-6-
amino)-B-cyclodextrin; am,BCD) as recognition element, which
possess a range of nitrogen donor atoms and are very effective
ligands for Cu" ions with high specificities. Without Cu" ions,
am,BCD adapter which entered into the lumen of the aHL pore
only produced one kind of events. In sharp contrast, upon
addition of Cu" ions to electrolyte solution, they would coor-
dinate with am,pCD molecules and form am,BCD-Cu"
complexes, which resulted in new additional current blockade
events having significantly different signatures from those in
the absence of Cu'" ions. It permitted the Cu™ ions to be readily
recognized.

To demonstrate this hypothesis, our initial experiments were
carried out at pH 8 under identical conditions with different
oHL nanopore containing an am,BCD adapter as the detector.
As displayed in Fig. 1, significant differences in event signature
were observed before and after addition of Cu" ions for three
protein nanopores. It is clear that dwell time of am,BCD was
quite different (3.97 £ 0.18 ms) in (WT), and (1.03 £ 0.09 ms) in
(M113R);. In the case of (M113F), pore, the am,BCD adapter
almost permanently locked into a state of 77.2 £ 0.5% block. It
has been reported that sensing with molecular adapter would
be enhanced if the adapter did not every so often dissociate
from the pore.* As a result, the (M113F), protein could provide
an enhanced resolution for Cu" ions recognition compared
with that observed in other «HL pore.

To further prove that the new type of events are related to the
formation of am,BCD-Cu" complexes, control experiments
were examined. Firstly, when EDTA was introduced to the
solution, we found that these events originated from am,BCD
were eliminated, which demonstrated a strong association
between Cu' ions and these events (Fig. 2a). Further, am,BCD
in nanopore stochastic sensing was replaced with natural BCD.
The results showed that no additional events was observed in

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Cartoon showing cu" ions recognition with a protein nanopore using am;BCD as recognition element. The am;BCD and am;BCD—
Cu" complexes with the pore produced events having significantly different signatures, thus permitting them to be readily distinguished.

Chemical structure of am;BCD molecule was shown in the left.
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Fig. 1 Typical single-channel current recording traces showing the
effect of aHL protein pore on Cu'" ions detection. The experiments
were performed at 40 mV in three different aHL nanopores containing
an am,BCD molecule before (a) and after (b) addition of Cu" ions.
Conditions: 20 pM Cu" ions added from the cis side and 40 pM
am;BCD from the trans side, 1 M NaCl, 10 mM Tris, pH 8.

the current trace, confirming the role that am,BCD-Cu"
complexes play in the Cu" ions detection (Fig. 2b).

3.2. Optimization of detection conditions

In order to achieve high sensitivity and selectivity of detection of
cu" ions, the optimal detection conditions are essential. To
begin with, we compared the signals where Cu" ions were
added from the trans side of the bilayer and the case where Cu"
ions were added from the cis side of the bilayer (Fig. 3). In
general, the transport of the charged analytes through the
nanopore was dominated by electrophoresis. Since Cu' ions
have positive charges, we anticipated the Cu" ions to traverse
more easily the nanopore from ¢rans to cis side instead of from
cis to trans when positive voltage was applied to the trans
chamber. However, the experimental results showed that the
event frequency of Cu" ions from trans side was 10 times than
from cis side, in apparent contradiction with the assumption. In
fact, there is a combined action of diffusion, electrophoresis,
and electroosmosis in the transport of charged molecules
through nanopore. A few experimental studies have demon-
strated that the electroosmotic flow (EOF) provided an

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Typical single-channel current recording traces from
a single (M113F); pore at 40 mV before (top) and after (bottom) addi-
tion of EDTA. (b) Representative single-channel current traces of BCD
in the absence (top) and presence (bottom) of Cu'" ions. Conditions: 40
1M am,BCD or BCD added from the trans side, 20 uM Cu" ions and 20
uM EDTA added from the cis side, 1 M NaCl, 10 mM Tris, pH 8.

important or even dominant, contribution to the analytes
transport, especially for small neutral molecules*®** or mole-
cules with a low net charge,*** under appropriate experimental
conditions. Our experiment phenomenon also was interpreted
as EOF being the main force driving electrically. The aHL
protein nanopore exhibits a selectivity to anions* and am,BCD
molecule is positively charged*® at pH 8. Previous studies have
demonstrated that anion selective of «HL becomes more anion
selective when natural or the positively charged BCD adapter is
lodged within the channel lumen.*” Therefore, the (M113F),
pore equipped with an cationic adapter, am,BCD, was still
anion selective. EOF is consist with the direction of anion flow
under applied positive voltages. As a consequence, when Cu"
ions were introduced into the cis chamber, current blockade
events occurred preferentially. While following the direction of
cation flow and oppositing to EOF, only a few blockades were
observed for Cu" ions added from the trans side of the bilayer.

As previously documented, the transmembrane voltage is an
important factor for determining the translocation of analy-
tes.*®* In addition to providing a novel approach for sensing
Cu" ions, our sensor permits the determination of association
and dissociation rate constants, separately, and formation
constants for am,BCD-Cu" complexes. The rate constants of
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Fig. 3 Representative single-channel current recording traces at
40 mV, in presence of 20 uM Cu'" ions added from the cis-side (top) or
from the trans-side (bottom) of the bilayer. The scatter plots of the
events (dwell time vs. current blockage (/g/lo)) for the corresponding
current traces showing in the right. Conditions: 40 pM am,BCD added
into the trans chamber, (M113F),, 1 M NaCl, 10 mM Tris, pH 8.

am-,BCD-Cu™ for association and dissociation were calculated
by corresponding formula, that is, ko, = 1/(Ton[Cu™]) and keg =
1/7o¢ To better illustrate voltage with Cu™ ions binding events,
we did the experiment in which Cu" ion was kept constant at 20
uM, while transmembrane voltage was changed. As expected,
the frequency of event decreased with increasing applied posi-
tive voltage, which corresponded to decreases in the association
rate constants (Fig. 4a, left). On the contrary, the dissociation
rate constant k.¢ increased with voltage, suggesting that the
rather high voltage was harmful for the association of Cu" ions
(Fig. 4a, middle). Equilibrium formation constants were calcu-
lated by using K¢ = kon/kog for am,BCD-Cu™ and differed by over
10-fold under the current experimental conditions (Fig. 4a,
right). The most extreme values were produced at the voltage of
40 mV and 160 mV. For instance, Cu" ions were bound 10.7
times more strongly at 40 mV (K; = 1.5 + 0.1 x 10* M~ ") than at
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160 mV (K¢ = 1.4 & 0.1 x 10> M '). These data implied that Cu™
binding event was favored at lower values of voltage. So as to
improve the Cu" ions detection sensitivity, we used +40 mV as
the applied voltage in the remaining experiments.

Based on the fact that certain properties of the «HL protein
pore are dependent, to a great extent, on pH, including the ion
selectivity, conductance, charge state and magnitude of single-
channel noise.***' Thus, we carried out the Cu" ion detection
experiments with am,BCD at three different pH values (Fig. 4b).
The results showed that, in the absence of Cu" ions, only one
current blockade level was observed at pH 8 and 10. And there
was no additional background noise arised from the am,BCD
state, indicating that am,BCD was firmly held in the B barrel of
protein nanopore under these conditions. In contrast, there were
a lot of substates during occupied by am,BCD in pH 6 buffer
solution, which might be attributed to the conformational
changes of am,BCD in the lumen of the «HL pore.*® On the other
hand, the addition of 20 pM Cu" ions to the buffer solution of
PH 8 produced a large number of markedly new blockade events
having a mean residual current of 0.49 + 0.12 pA and a mean
dwell time of 14.82 + 1.13 ms. By contrast, no additional current
block was detected when Cu" ions was applied to the buffer
solution, whatever the buffer solution pH 6 or 10. Apart from the
interference from the background noise, the possible reason
why the event signatures of Cu" ions were not detected at pH = 6
was that amino groups of the cyclodextrin were completely
protonated.*® When the buffer solution pH increased to 10, Cu"
ions were almost hydrolysis entirely. Therefore, the electrolyte
solution of pH 8 was selected for the following experiments.

3.3. Detection sensitivity and selectivity for Cu"

To test the sensitivity of this sensor, Cu" ions at various
concentrations were examined under the optimum experi-
mental conditions. As illustrated in Fig. 5 and 6a, the event
frequency increased with increasing concentration of added
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Fig. 4 (a) Dependence of the kinetic constants for the interaction of Cu" with am,BCD on voltage at pH 8, (left) ko, (middle) kog: (right) K:. (b)
Typical single-channel current recording traces at 40 mV, showing the effect of solution pH on Cu'" ions detection. The experiments were
performed with (M113F); nanopore in a buffer solution comprising 1 M NaCland 10 mM Tris. Conditions: 20 uM Cu'" ions added from the cis side

and 40 uM am,BCD from the trans side.
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Fig. 5 Nanopore detection of Cu'" ions using am,BCD molecule as
recognition element. Left panel: representative single channel
recordings with the (M113F); nanopore of Cu' ions at various
concentrations in the presence of 40 uM am;BCD. Right panel: the
corresponding concentration-dependent event amplitude histo-
grams. Conditions: Cu'"ions added from the cis side and am,BCD from
the trans side, 1 M NaCl, 10 mM Tris, pH 8, +40 mV.
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Fig. 6 (a) Dose response curve and (b) selectivity for the Cu' ions
nanopore sensor system. The inset of figure (a) shows an enlarged
portion of the dose response curve at a range of low cu" ions
concentrations. The experiments were performed at +40 mV in the
presence of 40 uM am,BCD. Conditions: 200 uM interfering ions and
various concentration Cu" ions added from the cis side and 40 uM
am,BCD from the trans side, (M113F);, 1 M NaCl, 10 mM Tris, pH 8.

Cu" ions. Linear regression analysis showed good linearity
between the frequency and Cu" concentration ranging from
80 nM to 20 uM with a correlation coefficient of 0.98 (Fig. 6a,
inset). The detection limit of Cu" ions could be as low as 12 nM
(S/N = 3), which was lower than previously reported values (LOD
= 40 nM).*? Subsequently, under the same conditions, we
evaluated the selectivity of this sensing platform toward Cu" (20
uM) relative to other kinds of metal ions including Pb", cd",
Mg", co", Mn", Ni", zn", Hg", Dy™, Gd™ and Tb™ (each 200
uM). These metal ions, especially Co", Ni"', Zn" ions, were well
known to be able to interact with amino groups. Apparently, the
results revealed that no obvious response could be observed
upon the addition of other ions (Fig. 6b). Compared with other
nanopore sensors for metal ions, our sensor is more selective
toward Cu" ions over the tested interference ions.

3.4. Detection of Cu" in running water

To the end, after a number of screenings of experimental
conditions, the applicability of this methodology for detecting

This journal is © The Royal Society of Chemistry 2017
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Table 1 Results of the detection of Cu" in real sample

Added Cu" Measured Recovery
Sample (nM) (nM) (%)
Running water 1 0 0.35 —
Running water 2 0.50 0.82 91.4
Running water 3 2.00 2.37 105.7
Running water 4 4.00 4.38 108.6

Cu" ions in a real sample was further evaluated. The content of
Cu" ions in the sample of running water were detected and the
concentration is 0.36 + 0.05 uM. What's more, as shown in
Table 1, the measured values for samples with known amounts
of Cu" ions showed good recoveries of 91.4-108.6%. The results
demonstrated that this nanopore sensor had strong anti-
interference ability and could be applied for the detection in
real samples.

4. Conclusions

In summary, we have developed a simple, selective and sensitive
nanopore sensor for detection of Cu" ions by employing
am,BCD molecule as recognition element. Based on the
chelating reaction between am,BCD and Cu" ions, this sensor
has been successfully applied to determination of a wide range
of Cu" ions from 80 nM to 20 uM. Compared with other
nanopore sensors, our sensing system exhibits relatively low
detection limit and better selectivity for Cu" ions. More
importantly, analyses of running water samples revealed that
this approach has potential for detection of Cu" ions in real
environmental samples.
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