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Abstract

In this report, we demonstrate that quartz nanopipettes modified with an imidazole-terminated
silane respond to metal ions (Co?*) in solution. The response of nanopipettes is evaluated through
examination of the ion current rectification response. By cycling nanopipettes between solutions
of different pH, adsorbed Co2* can be released from the nanopipette surface, to regenerate binding
sites of the nanopipette. These results demonstrate that rectification-based sensing strategies for
nanopore sensors can benefit from selection of recognition elements with intermediate binding
affinities, such that reversible responses to be attained.

INTRODUCTION

Transmission of ions through nanometer-scale pores and channels is an essential process in
living systems?. Recently, a number of ex vivo systems based on transmitting ion currents
have been studied, with a focus on both increasing the understanding of bioclogical systems
and developing new tools and devices that use ionic currents?: 3: 4 5 6, 7_For instance, a-
hemolysin protein nanopores8: 9 10 and abiotic silicon nitride/oxide nanopores!: 12, have
been utilized to study fundamentals of ion transport and to develop sensing schemes based
on ion-currents. Advantages that protein pores possess include uniform, well-characterized
dimensions and the ability to perform site-directed mutations to incorporate additional
functionality, while advantages abiotic pores possess can include mechanical and chemical
stability as well as high pore densities per unit area.

A number of abiotic nanopore platforms have evolved, each with unique attributes suitable
to different applications. These platforms include solid-state silicon nanopores®: 12, glass
nanopores!3: 14, 15,16, 17 ' nolymer membranes?®: 19, 20, 21 alumina membranes?2: 23,
lithographically fabricated nanochannels2* 25 and pulled-nanopipettesZ®. In the work
described here, we make use of quartz nanopipettes, fabricated by simple heating and
separation of a quartz capillary, to study the transport of ions by nanopores. Previous
nanopipette studies of ion transport26: 27, 28, 29, 30, 31 haye established the ease of
preparation and versatility in application of this nanopore platform. Chemical
functionalization of nanopores?l: 32: 33 has been explored recently to develop chemically or
biochemically responsive nanopores. For example, nanopipettes that respond to proteins28,
polymers2? and DNAZ27: 31 have been described.

In particular, the current-voltage response of a nanopore, especially an asymmetric
nanopore, can be employed to evaluate changes in surface charge3+ 34 3% and thus serve to
transduce analyte binding. Asymmetric nanopores can possess asymmetry in shape (e.g.
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conical or pyramidal)36: 37: 38 or in charge distribution39: 40, Sensing processes rely on
qualitative evaluation of the current-voltage response expressed as changes in the ion current
rectification (ICR) response. lonic rectification is useful for to report changes in surface
charge when dimensions of the nanopore are comparable to the Debye length, as the
concentration of the counter-ions in the nanopore can be enhanced or depleted due to
electrostatic interactions. In general, strong-binding recognition elements have been
exploited to effect signal transduction through irreversible changes in the current-voltage
response.

Herein, we describe chemically modified nanopipettes that use a responsive coating of
dihydroimidazole (DHI) (bound through silane chemistry to the nanopipette surface) as
probes for cobalt ions in solution. Additionally, changes in the current-voltage response
induced by cobalt ions can be reversed through control of the solution pH to create a
reversible nanopore sensor. These findings are significant as they develop a better
understanding of signal transduction with nanopores and develop reusable nanopores with
reversible responses.

EXPERIMENTAL SECTION

Fabrication, functionalization and characterization of nanopipettes

Quartz capillaries (0.7 mm (1.D.) and 1.0 mm (O.D.), Sutter Instrument, Novato, CA) were
treated with piranha solution (30% H,0,:H,S0O,4 =1:3) prior to use to remove organic
contaminants. Cleaned capillaries were then fashioned into nanopipettes with a CO»-laser-
based pipette puller (P-2000, Sutter Instrument, Novato, CA). Solutions were backfilled into
nanopipettes using a microfill needle (World Precision Instrument, Inc.) and subsequently
centrifuged to ensure solutions reached the tip of nanopipette.

Previous studies have investigated nanopore modification with silane chemistry31: 41: 42,
Here, a three-step procedure was adopted to graft N-[3-(triethoxysilyl)propyl]-4,5-
dihydroimidazole (DHI) onto the tip of nanopipette. First, 0.2 mL of DHI (0.74 mmol) was
mixed with 1.0 mL pure ethanol and stirred for 5 min. Nanopipettes, washed with water and
ethanol, were backfilled with this DHI solution and centrifuged to fill the tip. Nanopipettes
were then placed in pure ethanol overnight, followed by a thorough wash with ethanol and
distilled water prior to current-voltage characterization. The procedure employed here leads
to thin DHI coatings that do not block the opening of the nanopipette. The procedure does
not preclude possible multilayer formation. It is also possible that some DHI-silane diffuses
out of the nanopipette and modifies the exterior of the nanopipette with this procedure. Such
modification is outside the “sensing zone”1% 21 for conical nanopore structures, and effects
on resistance measurements are expected to be minimal.

Current-voltage characteristics were measured with a picoammeter/voltage source (Keithley
Instruments, Inc). A Ag/AgCl electrode was inserted inside of nanopipette and a Ag/AgCl
reference electrode was placed in an external electrolyte bath. To characterize DHI-modified
nanopipettes, current-voltage curves of nanopipettes were recorded both before and after
DHI modification. Response to cobalt ions was measured after addition of cobalt acetate to
the external bath electrolyte. Recordings of non-modified quartz nanopipettes under the
same experimental conditions were treated as control measurements. Current-voltage curves
reported represent averages of at least two replicant measurements on the same nanopipette.
Multiple pipettes (=3) responded with a similar trend, but due to fluctuations in pore size
(see supporting information) the results cannot be directly averaged. The ICR responses
reported were averaged from multiple pipettes (n=3). In all current-voltage measurements,
the potential was swept from —1.0 V to +1.0 V at a rate of 0.1 V/s, with 0.1 M KCI, 0.1 M
phosphate buffer (pH adjusted as indicated in results and discussion).
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RESULTS AND DISCUSSION

The general scheme for reversible metal-ion sensing with DHI-modified nanopipettes is
shown in Figure 1. Recognition of metal ions is accomplished via chemical functionalization
of a nanopipette with a thin film of DHI through the formation of siloxane bonds on the
surface of the nanopipette. The recognition element, DHI, possesses free tertiary amines;
when these amines are deprotonated, they serve as binding sites for metal cations in
solution, as illustrated here with cobalt (11) ions. Binding of metal ions to DHI in the thin
film can be reversed through changes in pH to regenerate the sensing properties of the
nanopipette. Protonation of the tertiary amines of DHI in acidic media displaces the bound
metal ions. Adjusting the pH to more basic conditions results in deprotonation of the tertiary
amines of DHI and subsequent regeneration of binding sites of the nanopipette.

The net surface charge of the nanopipette can be monitored through the current-voltage
response of the nanopipette under different conditions. In Figure 2a, the current-voltage
response of a bare (unmodified) nanopipette is shown as a function of pH.

I—O.h\’

ICR Response=log
L (Equation 1)

The trend observed is similar to previous reports for conical nanopore structures with
negative surface charge. Under basic conditions (e.g. pH = 9.0) silanol groups (pl ~1-4)43
on the surface of the nanopipette are deprotonated, which results in a rectified current
response in which higher currents are measured at negative potentials, as opposed to the
corresponding positive potentials. The origins of rectification are based on surface charge44
and the conical geometry45 of the nanopipette, and have been discussed in detail in other
reports. As the solution is acidified, dissociated silanol groups on the surface of the
nanopipette become protonated, which results in removal of the surface charge of the
nanopipette and a corresponding decrease in the observed current rectification. The
protonation state of silanol groups on the nanopipette can be quantified through the ion
current rectification (ICR) response. The ICR response is expressed as the logarithm of the
ratio at —/+ 600 mV, as shown in Equation 1. In Figure 2, the ICR response is plotted as a
function of pH for the bare and DHI-modified nanopipette. Plotted in this fashion, the
observed responses approach linearity. For the bare nanopipette, the ICR response is in good
agreement with previously published reports for glass/quartz nanopipettes?®. At high pH, the
silanol groups are deprotonated, relative to low pH, resulting in greater observed current
rectification. For the DHI-modified nanopipette, the current-voltage response is indicative of
a surface with two charge states present. Variable charge states are introduced by DHI
groups, which can carry a cationic charge when protonated, and silanol groups, which can
carry an anionic charge when deprotonated.

The variable surface charge of the nanopipette results in pH-dependent rectification of either
cations or anions. At high pH, silanol groups and DHI groups on the surface of the
nanopipette are deprotonated, leading to an overall anionic surface charge. This produces a
current-voltage response that mimics the bare nanopipette in Figure 2a. As the pH of the
solution is lowered (pH = 6.7 and 5.5), the ICR ratio decreases as the nanopipette
approaches a neutral net surface charge. Finally at low pH, protonated DHI and silanol
groups result in a reversal of the rectification observed at high pH. From Equation 1, the
differences in ICR response can be calculated, and the effect of pH and resultant surface
charge ascertained. It should be noted that the ICR response can be considered by a simple
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ratio of current values, but a logarithmic relationship affords closer inspection for systems
which exhibit reversals in rectification.

Previous reports have described the use of DHI for sequestration of divalent metal ions at
surfaces?6: 47, 48, 49 Here, we are interested in examining the binding and subsequent
release of a metal ion, to develop a nanopore which can be regenerated. To test this
approach, cobalt acetate was added to an external solution bathing DHI-modified
nanopipettes. The current-voltage responses to 0.1 M KCI at pH 6.7 prior to and after the
addition of two aliquots of cobalt acetate are plotted in Figure 3a. The initial current voltage
response at pH 6.7 is similar to the response shown in Figure 2c. Addition of cobalt ions has
the net effect of decreasing the ICR ratio, from 1.87 (pH 6.7) to 0.53 (50 uM Co?*). An
increase the solution concentration to 100 uM results in little change in ICR response,
suggesting that DHI sites capable of complexing cobalt are saturated at these concentrations.
Interestingly, the current-voltage response in the presence of Co?* appears more complex
than for a surface of pure cationic or anionic charge. Presently, this complexity is not
understood, but possibly arises from the Co2*-ligand interactions or Co%* solubility®%: 51, as
the effects are not observed in the case of simple protonation of the imidazole.

To regenerate the nanopipette sensor, the DHI-modified nanopipette with adsorbed Co?*
ions was soaked in a low pH solution, in which protons displace the bound cobalt ions.
Immersing the nanopipette in a solution of intermediate pH results in regeneration of
suitable binding sites for metal ions. The cycle used is shown in Figure 3b, where the ICR
response first indicates protonation of surface sites and subsequent return to the initial state
observed for DHI-modified nanopipettes. Additional exposure to cobalt ions resulted in
current-voltage responses similar to those observed in Figure 3a (see supporting
information).

CONCLUSIONS

In this paper we have examined DHI-modified nanopipettes and the current-voltage
response of these nanopipettes to changes in pH and divalent metal ions. Through
examination of the ICR response, a qualitative picture of the surface charge for the
nanopipette was attained. Binding of cobalt was demonstrated, and regeneration of the
binding sites was shown. These results suggest that with properly selected recognition
elements with intermediate binding affinities, reversible nanopore sensors can be developed.
A significant challenge, however, lies in the development of selective sensors that bind
reversibly. Future efforts aim to develop a renewable nanopipette sensor which displays high
selectivity for different species of metal ions and further explores titrations, limits of
detection and analytical performance of these interesting electrochemical devices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic representation of N-[3-(triethoxysilyl)propyl]-4,5-dihydroimidazole (DHI)
grafted nanopipette with response of Co(ll) (©) and its regeneration process with proton
addition (®).
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Figure 2.

(a) Current-voltage response of a bare quartz nanopipette at pH 2.6 ( —@—), 5.5 (—&—),
6.7(—4—), and 9.0(—=); (b) Dependence of ion-current rectification (ICR) response on
electrolyte pH for a bare quartz nanopipette; (c) Current-voltage response of DHI-modified
nanopipette at pH 2.6 ( —@—), 5.5 (—#—), 6.7 (——), and 9.0 (—¢=); (d) Dependence of
ion-current rectification response on electrolyte pH for a DHI-modified nanopipette.
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Figure 3.

(a) Current-voltage response of a DHI-modified nanopipette without Co?* (—@—); Current-
voltage response with 50 uM Co(ll) added to bulk electrolyte (—#); Current-voltage
response with 100 uM Co?* in bulk electrolyte (—=a—); All measurements were performed in
0.1 M KCl, 0.1 M phosphate buffer (pH=6.7), present both in the nanopipette and the bulk
electrolyte; (b) Current-voltage response with 100 pM Co?* (—@-);Current-voltage response
after altering pH of bulk electrolyte to 2.6 (—&—);Current-voltage response after altering
bulk electrolyte pH back to 6.7 (—&—)
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